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Organic semiconducting polymers have been used as an active layer in a wide 
range of applications, such as light-emitting diodes, solar cells, and 
transistors.  Here, different aspects regarding the optimization of this layer will 
be discussed in their respective devices.   
In chapter 1, a brief introduction of organic semiconducting polymers and 
their applications in organic photovoltaic devices and field-effect transistors 
were briefly reviewed, together with their various characterization methods. 
In chapter 2, critical process parameters of Suzuki coupling reaction were 
evaluated to generate high molecular weight polymer using two fluorene 
copolymers, poly(9,9-dioctyl-fluorene-co-2,1,3-benzothiadiazole) F8-BT and 
poly(9,9-dioctyl-fluorene-co-ethylenedioxy-benzoxodiazole) F8-EDOBX, we 
found using Pd2dba3/P(otol)3 catalyst and more reactive monomer boroester 
give slightly higher molecular weight for this type of polymer. Moreover the 
stability of monomer depends on the base used and hence this also affects MW 
obtained.  Lastly, ONDL polymerization protocol has been established here.  
In chapter 3, a poly (3-hexylthiophene) - poly [[N,N‟-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5‟-(2,2‟-bithiophene)] 
(P3HT-b-PNDIT2) diblock oligomer   was designed, synthesized, and applied 
into P3HT-PNDIT2 blends for organic photovoltaic applications. Their 
morphology was optimized was and showed to give smaller domain size 
ix 
 
reductions by various characterization methods compared with binary blends 
of P3HT-PNDIT2. 
In chapter 4, two high-performance 1,4-diketopyrrolo[3,4-c]-pyrrole (DPP) 
based co-polymers with thiophene (T) and thieno[3,2-b]thiophene (TT) were 
synthesized using microwave-assisted polymerization to obtain different 
molecular weight polymer.  We found weak dependence of mobility vs. Mn in 
this class of polymer, possibly due strong -stacking. DPP-polymer based FET 
devices show good stability towards thermal/ambient stress but less stable 
towards photo-stress.  Spectroscopic evidence points to the polymer core 
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Chapter 1. Introduction   
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1.1 Semiconducting π-conjugated polymers 
1.1.1 The semiconducting nature of π-conjugated polymers 
Π-conjugated polymers refer to an emerging class of polymers containing a 
continuous, alternating single-double carbon bond chain as backbone (Figure 
1.1a). The earliest example, polyacetylene, was developed by Chiang et al. in 
1977
1
. Large numbers of different polymer families are developed in recent 
years, rapidly expanding the range of conjugated polymers. 
In this type of polymers, the pz orbitals of the sp
2
-hybridized carbon forming 
the π-bond in the backbone overlap with each other, resulting in conjugation 
that extends over multiple molecules, leading to electron delocalization 
(Figure 1.1b)
2
. As a result, the energy level gap between highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
becomes narrower as the extent of delocalization increases; when the repeat 
unit number is sufficiently high to narrow the energy gap to between 1~2 eV, 
the polymer becomes semiconducting. Furthermore, the discrete energy levels 
now become continuous and the HOMO and LUMO become analogous to the 
valence and conduction bands of inorganic semiconductors respectively. 
The energy levels of semiconducting polymers can be further adjusted by 
utilizing the donor-acceptor (D-A) approach
3
: by combining an electron-rich 
donor and electron-poor acceptor molecules, MO hybridization will occur that 
leads to narrower bandgaps; further, fine-tuning of polymer bandgap becomes 










Figure 1.1: a) conjugated polymers highlighting the continuous, alternating 
C=C double bond backbone; b) overlap of the HOMO-LUMO energy levels 
from monomer units eventually lead to narrow band gaps and continuous 
bands; c) MO hybridization in a donor-acceptor (D-A) polymer. 
 
In comparison with inorganic semiconducting materials, Semiconducting 
polymers possess the unparalleled advantages of light weight, flexibility and 
solution processability. Polymer solutions can be easily processed by various 
methods such as inkjet printing and spin-casting to realize roll-to-roll 
processing capability. These advantages make semiconducting polymers ideal 
for applications in large, uneven areas. Currently, organic light emitting diodes 





 into TV displays; other organic devices such as transistors and OPV 
devices are actively being developed. One highly interesting area is the 
integration of electronic gadgets into fabrics and textiles as wearable 
electronics
5
, using flexible organic semiconductors. 
1.1.2 Synthesis and processing of semiconducting polymers 
Current methods for conjugated polymer synthesis depend almost entirely on 





, Grignard metathesis (GRIM)
8
 reactions. To generate mainstream 
D-A copolymers with alternating monomer units
9
, such as 9,9-dioctylfluorene 





 variations, found the most widely use 
due to its wide functional group tolerance and high specific reactivity that 
allowed efficient polymer synthesis
11
. 
Mechanism of cross-coupling C-C bond formation 
Palladium-catalyzed polycondensation reactions share the same C-C bonding 
mechanism as single cross-coupling reactions. The general reaction equation 
is: 
R1-M+ R2-X  R1-R2 + MX 
Where R1 and R2 are monomers with their sp
2
 hybridized terminal carbon 
attached with the functional groups: R1 to organometallic groups (M) and R2 
to halides (X). In the presence of a palladium catalyst, the two components R1 
5 
 
and R2 are linked together between the two sp
2
 hybridized carbons with the 
loss of both halides and organometallic groups. 
The most frequently used palladium-catalyzed cross-coupling reactions are 
Suzuki and Stille reactions. Both reactions utilizes bromides for R2 as the most 
common choice. For Suzuki reaction, boronic acids or boroesters are used for 
R1. In addition to the catalyst, equivalent amount of base is also required to 
activate the boroesters. In Stille reaction, stannanes (trialkyltin) are used in R1, 
and only catalyst is required without any additional reagents.  
Generally accepted mechanism for palladium catalyzed cross-coupling 
reaction involves Pd(0) species as active center, either introduced directly as 
Pd(0) complexes or generated in situ from Pd(II) complex precursors. Electron 
rich ligands are required for catalytic activity; phosphine ligands are the most 




Figure 1.2: General catalytic cycle of Pd catalyzed reactions
11
, schematic 
reproduced with modifications. 
 
In this simplified mechanism, Pd(0) is firstly inserted between the R2-X bond 
which is termed oxidative insertion, forming a square-planar R2-Pd(II)-X 
complex. The organometallic reagent will then replace the halide with R1 in a 
process termed transmetallation, thought to be the rate-determining step of 
Pd-catalyzed reactions, result in the formation of R1-Pd-R2 complex. After 
geometrical changes that place R1 and R2 in cis conformation, they are 
eliminated together from the Pd center and become joined together, while the 
Pd(0) is regenerated in this reductive elimination step. 
From cross-coupling to polymerization 
In terms of polymerization, Suzuki polycondensation
12
 and Stille 
polycondensation
10
 were developed from Suzuki and Stille cross-coupling 
7 
 
reactions respectively, sharing the same requirements and mechanisms. While 
Stille polymerization in general offers better performance in terms of 
molecular weight of the polymers produced due to greater reactivity of the 
stannane compounds, Suzuki polycondensation has the advantage that 
boroesters employed are far less toxic. Both methods are widely reported in 
the literature. 
In order to obtain polymers, bi-functional monomers must be used, which 
could be either AA+BB or AB+AB types of monomers, where A, B are the 
different end groups (Figure 1.3). Cross-coupling between two monomers will 
form A-B type sub-units that allow further coupling reactions to occur. 
AA+BB dual monomer approach offers an unparalleled advantage that by 
changing BB monomer to similar monomers such as B'B', B"B", families of 
polymers can be generated readily, which in AB approach requires synthesis 
of assembled monomers for each case.  
For polymers using AA+BB two monomer strategy, a strict stoichiometric 
ratio must be maintained
13
 during reactions in order to maintain balance of A 
and B end groups, essential for high molecular weight polymers. This 
stoichiometric ratio must take loss of functional groups as a result of side 
reactions into consideration as well, requiring large number of ratio 
adjustment experiments to achieve experimental optimum. 
On the other hand, using AB+AB type polymerization requires only one 
monomer and therefore the stoichiometric limitation is no longer present. 
Functional group loss as impurities or due to side reactions nevertheless 
8 
 
becomes significant as this can lead to immediate chain termination which 
significantly impacts the molecular weight of polymer products. In some cases 
synthesis of one-sided monomers may be difficult due to reactivity controls, 
which also limit the usefulness of this methodology. 
 




As a general observation from literature, organometallic groups are typically 
placed on the electron rich monomer to better stabilize the monomer
14
; 
placement of bromides are more flexible. Choice of functional groups on the 
other hand depends on the type of polymerization desired. 
Contributing factors that affect polymerization 
Many studies showed palladium catalyzed polymerizations are mostly step-
growth polymerizations, where bond-formation takes place randomly between 
9 
 
end-groups. Studies on stepwise polymerization has shown
13
 that the degree of 
polymerization is directly linked with completion of the reaction by Carother‟s 
equation: 
 ̅  
 
   
.............................................................................................. (2.1) 
Where  ̅  is average degree of polymerization, p is the degree of completion. 
Clearly, large  ̅  can only be reached when p is sufficiently high. 
When the two monomers are not in 1:1 ratio, Carother‟s equation becomes: 
 ̅  
   
       
.......................................................................................... (2.2) 
Where r is the ratio of monomers, defined as always smaller than 1. 
Quantitatively, ratio mismatch between monomers will significantly lower the 
molecular weight of polymers. 
Catalyst is another area known to affect polymerization; generally, Suzuki 
polycondensation requires Pd(0) catalysts while Stille polycondensation can 
utilize Pd(II) catalysts as well. While new catalytic species are continuously 
being developed, our current work is based on the two most common catalysts 
described below.  
One commonly used Pd catalyst is tetrakis(triphenylphosphine) palladium (0), 
Pd(PPh3)4. While Pd(PPh3)4 has shown high activities, it also has two main 
drawbacks: the triphenylphosphine (PPh3) ligand is not air-stable and easily 
oxidized; ligand scrambling resulting in PPh3 ligand substituted into the 
polymer chain instead
15
. The other commonly used Pd catalyst is 
10 
 
tris(dibenzylideneacetone) dipalladium(0), Pd2dba3. It is also a palladium (0) 
source but is more stable towards oxidation. Additional phosphine ligand is 
often required to replace the dibenzylideneacetone ligand for catalytic 
activities. Tri(o-tolyl)phosphine, P(otol)3 is often used, due to the steric 
hindrance that prevented unwanted aryl exchange reactions
16
.  
Functional groups loss, such as loss of bromide and boroester known to 
Suzuki reactions, is also applicable here. Depending on the monomer 
susceptibility serious monomer ratio imbalance could result. These effects 
must be carefully countered by intentionally allowing initial monomer ratio 
mismatch to compensate for the least stable monomer. 
J. Murage et al.
12b
 studied Suzuki polycondensations extensively by 
systematically varying reaction parameters, and every tunable parameter were 
found contributed to the quality of the final product: solvents, temperature, 
monomer purity, additives, and the base used to activate boroesters. Stille 
coupling are also affected by solvents, temperature, and concentrations on the 
monomers, but to a lesser degree as the reactivity is generally high and 
therefore less sensitive towards environmental effects. 
Lastly, use of microwave not only significantly shortens the reaction time (a 
few days using conventional methods can be shortened to half an hour with 
microwave heating), but also improves polymerization performance by 
generating polymers with generally higher molecular weights. 
11 
 
Due to the importance of high molecular weight polymers, it is very critical 
that polymerization protocols are studied in detail to understand the practical 
significance of each parameter in order to achieve high molecular weight 
polymers in a controllable fashion. In this part of thesis, Suzuki 
polymerization was studied in detail in chapter 2 using model poly-fluorene 
co-polymers as example to find out key aspects that will dominantly determine 
the molecular weight of the polymer products.  
 
1.2 Application of semiconducting polymers 
1.2.1 Organic photovoltaic devices 
The first organic photovoltaic (OPV) cell was demonstrated by Tang
17
 in 
1986. The earlier OPV devices were based on small molecules of porphyrin 
derivatives as the photoactive layer; the photoactive layer can now be made 
from a large range of organic small molecules and polymers
18
. Like other 
applications of semiconducting polymers, OPV devices offer the advantage of 
large-area, roll-to-roll processing and flexibility suitable for large area 
irregular surface applications.  
Typical OPV device structure is shown in Figure 1.4; the photoactive layer, 
usually thin films of organic semiconductors, is deposited between two 
electrodes with at least one being transparent, and current generated is 
gathered by the two electrodes. Indium-tin oxide (ITO) is the most popular 








Key parameters of solar cell performance includes: JSC, the current density at 
zero voltage bias, VOC, voltage at zero current, and fill factor FF 
19
, the ratio of 
maximum output power over area under the current density vs. voltage (J-V) 
curve. The power conversion efficiency (PCE) can be written as: 
  
          
   
..................................................................................... (1.1) 
Where η is the power conversion efficiency, Pin is the power of incident light 
on the cell, generated by the solar simulator in laboratory conditions. 
Optimization of the three parameters (JSC, VOC, and FF) is the key to achieve 
high power conversion efficiency. 
Operation principles 
Generation of charges by an OPV cell is commonly broken down into the 
following 4 steps (Figure 1.5)
20
: 
1) Photon absorption and generation of exciton; 
13 
 
2) Exciton diffusion to the heterojunction interface; 
3) Exciton dissociation at the interface; 
4) Extraction of charge carriers to respective electrodes. 
 
Figure 1.5: Energy level diagram of polymer: fullerene blend OPV cell and 
major steps in OPV operation
2





The photocurrent generation process begins with a photon being absorbed by 
the photoactive layer, which promotes an electron to hop from ground state to 
a higher energy level, leaving a positively charged hole in its place; in organic 




Photon absorption is determined by the band gap of the material, or in terms of 
organic polymers, the HOMO-LUMO energy gap. JSC is in part determined by 
absorption efficiency, or absorption integral over the entire solar spectrum 
(Figure 1.6). As the solar spectrum extends into near infra-red (NIR) region, 
14 
 
polymers with energy gaps in the range of 1 eV 
22
 are favored to utilize the 
NIR radiation. Design and synthesis of low band-gap semiconducting 
polymers has long been considered one key aspect for OPV advancement and 
is actively being studied. At the same time, optical absorption efficiency of the 
polymers also impacts OPV device design, typically addressed by adjusting 
the thickness of the photoactive layer.  
The excitons formed by photo-excitation must then dissociate into free charge 
carriers of electrons and holes to be collected at respective electrodes as 
current. In semiconducting polymers, dielectric constant is usually low (~3); 
excitons formed are thus bound together by a certain exciton binding energy 
typically about 0.3 eV
23
, which is material dependent. This exciton binding 
energy was overcome by the use of bi-component blends containing a donor 
and acceptor material as the difference in their LUMO levels provide the 
driving energy for exciton dissociation to occur at the interface (Figure 1.5). 
This driving energy however is lost from the final VOC of the device, resulting 




Figure 1.6: simulated solar spectrum
24
 together with P3HT:PCBM response; 
the IR region is not well utilized and is one key aspect currently being 
investigated. 
 
As the energy level "staircase" is only built up at the donor-acceptor interface, 
excitons therefore must travel to the interface in order to dissociate. Thus, 
interface area between donor and acceptor materials must be maximized
25
. At 
the same time, due to the finite lifetime of excitons, the interface must also be 
present at a distance no longer than the diffusion length of excitons Lex, the 
average distance travelled by excitons before they recombine into ground state 
with either radiative or non-radiative decay. This length is typically put as 10 
nm
26
. A continuous pathway must also be created separately for the two 
charge carriers, therefore, donor and acceptor materials must be able to form 
bi-continuous, intercalating networks. 
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The morphological requirements listed above lead to the development of bulk 
hetero-junction (BHJ) OPV devices (Figure 1.7)
27
. One classic example is 
blend of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl 
ester (PC61BM). In a BHJ device, the active layer, consisting a mixture of two 
materials usually polymer-polymer or polymer-fullerene, is subsequently 







, and some other methods
30
 to create micro-phase 
separation. Ideally, these domains will form continuous, intercalated channels 
all the way between the two electrodes, allowing efficient charge collection. 
 
Figure 1.7: Illustration of BHJ OPV device
31
, where excitons dissociate at 
interfaces formed at interfaces of polymer heterojunctions and subsequently 
travel through channels formed by polymers. 
  
Assuming ohmic contacts are formed at electrodes, VOC of a BHJ device is 
determined by the energy levels of donor and acceptor materials
32
: 
    
 
 ⁄  (|      
    |  |         
    |        ).................................... (1.2) 
Maximum voltage output, therefore, is put in apparent competition with 
exciton dissociation where energy is lost due to LUMO-LUMO gap. 
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This necessity is put into question by some recent studies on charge transfer 
states, which showed simultaneous formation of both singlet and triplet charge 
transfer states during excitation
33
 (Figure 1.8). This triplet states offer another 
pathway for exciton termination and therefore should be shut down, by 
utilizing delocalized charge transfer states, which is achieved in IR-absorbing 
polymers. This delocalization then requires the LUMO energies of the donor 
and acceptor to be close in energy so that delocalization can be achieved, and 
is also helped by high charge mobility of the polymers. Therefore, the "0.3eV 
LUMO difference rule" can be somewhat relaxed. 
 





Lastly, collection of charges at respective electrodes requires good charge 
mobilites in the materials used to avoid building up of potentials which hinder 
charge movement and effectively reduce voltage and current output. The 
newly developed naphthalene diimide (NDI)
34
 and diketopyrrolopyrrole 
(DPP)
35
 based polymers all have narrow band gaps and good charge 
mobilities, OPV device performances using these materials is promising and 
18 
 
further development will lead to better materials that could meet the 
requirement for large scale general applications
36
. 
Challenges in full polymer-polymer OPV devices 
In contrast to the more popular polymer - fullerene blends
27b
 in which the 
acceptor material is fullerene derivatives such as PC61BM, in a polymer-
polymer blend OPV cell two polymers are used as donor and acceptor material 
respectively. By replacing the fullerene component with polymers, higher VOC 
can be achieved by varying energy levels previously fixed for fullerenes, and 
fully flexible devices can be made using polymers
37
. One recent example is a 
blend system based on P3HT and naphthalene diimide polymer, poly[[N,N‟-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5‟-
(2,2‟-bithiophene)] (PNDIT2)38. 
The major challenge for polymer-polymer OPV devices is the control of 
morphology. Complex polymer-polymer mixing thermodynamics can lead to 
the development of unwanted, huge phase separated morphology
27b
; the worst 
case possible is formation of “Russian dolls”39, that one polymer becomes 
embedded in another polymer, completely shutting all charge transfer 
pathways. Attempts to address this issue are presented in chapter 3. 
1.2.2 Organic field-effect transistors (OFETs) 
In field-effect transistors  (FETs) , the charge carrier density of the 
semiconductor active layer is affected by the electric field applied by the gate 
electrode, which results in varying currents between source and drain 
19 
 




Application of organic semiconducting polymers in field effect transistors 
(FETs) was first reported by Burroughes et al.
41
 in 1988.  Figure 1.9 illustrates 
the device used by Burroughes et al., in which polyacetylene is used as active 
layer with bottom-gate, top-contact (BGTC) configuration. Subsequently, 
many different organic semiconductor polymer families have been developed 
for applications in OFETs. 
 
Figure 1.9: schematic diagram for FET
41
 device; polyacetylene was used as 
active layer in this example. 
 
Early examples include polymers such as poly(3-hexylthiophene) (P3HT), 
poly(2,5-bis(lthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT)
42
, and small 






Diketopyrrolopyrrole (DPP) polymers for OFET applications 
Recently reported 1,4-diketopyrrolo[3,4-c]-pyrrole, or in short, 
diketopyrrolopyrrole (DPP) based polymers (Figure 1.10) are shown to have 
comparable or even higher field-effect mobility (μFET) with amorphous silicon, 






. Firstly reported in 1974 by Farnum 
et al.
44
, The DPP molecule is highly-conjugated and π-electron rich; when 





, the triad is forced to co-planar orientation due to 







































Figure 1.10. Representative DPP polymers: a) general formula showing DPP 
core with aromatic co-units; examples of b) high hole mobility DPP 
polymers
48









 /Vs, and electron mobility
49
 of 6 cm
2
 /Vs were reported recently 
(Figure 1.10b, c). Further, ambipolar transport has been demonstrated as 
well
50
. DPP based polymers have been applied in both p and n type OFETs 
21 
 
and intensively investigated. DPP polymers also typically have very low band 
gaps (~1.3 eV), making these polymers highly useful in solar cell applications 
as well
35
. Due to its high importance, studies on DPP polymers have been 
reviewed intensively by various groups such as P. Sonar
47
 and I. McCulloch
51
. 
Representative DPP polymers and their stability performance were studied in 
chapter 4. 
 
1.3. Common characterization methods applied to 
semiconducting polymers 
1.3.1 Gel permeation chromatography 
Gel permeation chromatography (GPC), also called size-exclusion 
chromatography, is a variation of high-performance liquid chromatography 
(HPLC) for fast determination of polymeric molecular weights. When a 
mixture of particles passes through a porous material, the smaller particles will 
spend more time in the pores and are eluted out at a later time (Figure 1.11). 
Elution time-molecular weight dependence can be established using standard 
materials
52




Figure 1.11: Illustration of operation principle of GPC: in a porous medium 
(white), smaller particles are trapped in the pores and elute out at later time 




Due to aggregations in semiconducting polymers displaying strong π-π inter-
chain interactions, there may be overestimations of actual molecular weights
53
 
by GPC method, which is particularly prevalent in DPP polymer families
54
. 
Besides the possibility of using 1H NMR on end-group analysis to estimate 
the average repeat units per chain, high temperature GPC (HT-GPC) becomes 
popular in recent years
55
 that polymer chains are forced apart at elevated 
temperature. High boiling point solvents such as dichlorobenzene and 
trichlorobenzene have to be used. 
1.3.2 Atomic force microscopy 
Atomic Force Microscopy (AFM) is widely used to probe the surface 
topography of polymer films
56, 57
. The force between the sample surface and 
AFM tip mounted on a cantilever causes deflection of the cantilever; as the tip 
move across, deflection variations across are monitored by a laser and 
23 
 
converted to images. While AFM is able to offer height profile of the top 
surface to very small length scale ~ 50 nm, only the top surface was captured 
and topographical features may not correlate completely with actual phase 
separations complicating interpretation; partial phase separations and presence 
of sub-domains cannot be distinguished by AFM. 
 
Figure 1.12: Illustration of AFM, redrawn from figures by S. Magonov et al.
58
 
1.3.3 X-ray diffraction 
X-ray diffraction (XRD) techniques can probe intermolecular stacking 
properties by resolving the X-ray scattering patterns; the diffraction angle θ 





      
 ........................................................................................ (1.3) 











Figure 1.13: Illustration of two-dimensional grazing incidence X-ray 
diffraction
59
; α is incidence angle, φ is in plane, azimuthal rotation. 
 
XRD have been applied to thin polymer films
60
, especially grazing-incident 
(with small incidence angle, see Figure 1.12). XRD had been widely used to 
probe the orientation of coherent domains within the films. On the other hand, 
non-crystalline region could not be detected by XRD due to lack of diffraction 
patterns, hence XRD usually is used in conjunction with other methods such 
as near-edge absorption fine structure (NEXAFS) to probe frontier film 
surfaces. 
 
1.4 Challenges and prospects 
While performance of semiconducting polymer-based devices improved 
significantly in laboratory conditions owing to recent scientific progresses, one 
of the biggest challenges faced by semiconducting polymers is the instability 
towards ambient conditions, i.e. towards oxygen and water. This susceptibility 
leads to shortened lifetime of semiconducting polymer electronic devices 
25 
 
when operated under ambient conditions, and is a major hurdle for market 
applications. Performance characteristics of semiconducting polymers can be 
further improved as well. Continued performance and stability improvement 
will eventually enable popular use of semiconducting polymers. 
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Chapter 2. On the road to high molecular weight 









In this chapter, one key method of polymerization, the Suzuki 
polycondensation, is investigated using fluorene copolymers as model system. 
Experimental procedures were tested and systematically evaluated to find the 
key parameters that would affect molecular weight distribution of the 
products. After optimization, several key factors such as catalytic species, 
reactivity of end-groups were identified as more significant among others; 
further, monomer stability check under Suzuki polymerization conditions was 






High molecular weight polymers have long been considered as one key factor 
for high performance organic devices. High molecular weight in polymers is 
equivalent to greater number of repeat units per polymer chain, which extends 
the conjugation length and result in narrower bandgaps and stronger inter-
chain π-π stacking. Impact of molecular weights on field-effect mobilities was 
reported by Tong et al.
1
 on poly(dithienosilole-co-benzothiadiazole) that 4 
times difference (9 kDa vs. 38 kDa) in number-average molecular weight (Mn) 









/Vs), together with 100 nm red-shift of absorption maximum in 
ultraviolet-visible absorption (UV-vis) spectra in higher Mn polymers. Similar 
trend was also reported in poly(3-hexylthiophene) (P3HT) by Zen et al.
2
 as 









/Vs) was observed for P3HT with 10 times differences in Mn (19 000 vs. 
2200 Da). 
Many theories have been proposed to account for higher mobility in longer 
polymer chains especially in P3HT, such as less trapping across polymer 
chains
3
, connection between crystalline domains across amorphous regions
4
, 
and more regular packing of building units
1
. Therefore, methods for reliable 
generation of high molecular weight polymers are highly preferred. 
Fluorene polymers are an important class of semiconducting polymers. First 
developed by Inbasekaran et al.
5
 from Dows company, it has expanded to a 
large family of copolymers and applied in various devices
6
. The bandgap for 
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fluorene family is typically high (close to 2 eV) and charge mobility usually 
low, hence the most important use is in light emitting diodes (LEDs)
7
 for blue-
green light emission; multiple colors emission was further developed
8
 by 
formation of copolymers that allowed fine-tuning of the bandgaps. 
Fluorene copolymers were typically synthesized using Suzuki 
polymerization
9
. Fluorene diboroesters and co-monomer dibromides were 
polymerized in toluene. Various Pd(II) and Pd(0) catalysts with different 
ligands, different base types and ratios, and different additives were reported 
in the literature with varying results, thereby leaving ample space for 
optimizations. Inbasekaren et al.
5
 reported fluorene polymers with molecular 
weight (MW) 47 kDa, whereas Towns et al. 
10
 reported much higher molecular 
weight (MP) of 200 kDa, by incorporating organic base, tetraethyl ammonium 
hydroxide. Hence it leaves ample space for further studies on producing high 


















In this chapter, we synthesized, studied and optimized the molecular weight 
aspect of two fluorene copolymers, poly(9,9-dioctyl-fluorene-co-2,1,3-
benzothiadiazole) (Figure 2.1, F8-BT, compound (1)) and poly(9,9-dioctyl-
fluorene-co-ethylenedioxy-benzoxodiazole) (Figure 2.1, F8-EDOBX, 
compound (2)), which is developed by our group (unpublished results).  F8-
BT is widely used in LED device studies, and syntheses of monomers are 
straightforward, making it good candidate for method development; F8-







2.2.1 Synthesis of monomers 
Chemicals used were and directly used as purchased from suppliers without 
further purification unless otherwise stated. All reactions, unless specified, 
were conducted under inert argon environment. Nuclear magnetic resonance 
(NMR) measurements were performed using Bruker® Avance 300 
spectrometer. Gel-permeation chromatography (GPC) measurement was 
performed with Agilent Waters ® GPC system, using THF as solvent at 40°C 
with polystyrene standards. 























Figure 2.2: Reaction scheme of fluorene-diEs monomer. 
 
9, 9-dioctyl-fluorene (6). 9H-fluorene (4.99g, 30.0mmol) and KOH (16.8g, 
300mmol) were dissolved in DMSO (90 ml) in an argon charged vessel. 1-
bromooctane (11.4 ml, 66.0mmol) was added dropwise into the solution. The 
reaction mixture was heated and stirred at 70°C for 16 hours, then cooled to 
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room temperature before poured into 100ml of deionised water and the 
product was extracted using dichloromethane. The organic phase was washed 
with NH4Cl and NaCl solution, solvent removed under reduced pressure, and 
purified by column chromatography using hexane to give a colorless liquid 
(11.2g, yield 95%). 
1
H NMR(300MHz, CDCl3) δ 7.71 (d, 2H), 7.32 (m, 6H), 
1.97 (m, 4H), 1.05 (m, 20H), 0.83 (t, 6H), 0.63 (b, 4H). 
2,7-dibromo-9,9-dioctyl-fluorene (7). 9,9-dioctyl-fluorene 6 (9.77 g, 25.0 
mmol) and anhydrous FeCl3 (0.162 g, 1.00 mmol) was dissolved in 
chloroform (50 ml) in an argon-charged vessel. Bromine (2.83 ml, 55.0 mmol) 
was added dropwise into the solution mixture at 0°C. The reaction mixture 
was stirred in the dark at room temperature for 4 hours and then poured into 
100ml of deionised water. The product was extracted using dichloromethane 
then washed with sodium thiosulphate solution, followed by sodium 
bicarbonate solution and brine. The organic layer was dried, purified by 
column chromatography using dichloromethane (DCM) as eluent to give a 
white solid (13.4g, yield 98%). 
1
H NMR (300MHz, CDCl3) δ 7.44 (m, 6H), 
1.91 (m, 4H), 1.05 (m, 20H), 0.83 (t, 6H), 0.57 (b, 4H). 
4,4,5,5-Tetramethyl-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
dioctyl-9H-fluoren-7-yl)-1,3,2-dioxaborolane (3). Dry 2,7-dibromo-9,9-
dioctyl-9H-fluorene 7 (8.23 g, 15.0 mmol) was dissolved in  freshly distilled 
THF (150 ml). The solution was cooled to -78°C and butyllithium solution 
(16.5 ml, 2.0 M in hexane) was injected dropwise into the reaction flask at -
78°C and stirred for 3 hours. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
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dioxaborolane (6.7mL, 33mmol) was added dropwise to the reaction mixture 
at -78°C. The mixture was allowed to stir at -78°C for an hour and before 
warming up and stirred at room temperature for another 16 hours. Reaction 
was quenched with deionized water. THF was removed under vacuum, and the 
product was extracted using dichloromethane. The organic layer was washed 
with brine and dried over Na2SO4. The solution was concentrated under 
vacuum and purified by column chromatography using hexane: DCM 4:1 as 
eluent. The product was further purified by recrystallization in ethanol to 
afford white solids. (3.14 g, yield 33%). 
1
H NMR (300MHz, CDCl3) δ 7.74 
(m, 6H), 1.99 (m, 4H), 1.39 (s, 24H), 1.27-1.01 (m, 20H), 0.81 (t, J = 7 Hz, 
6H), 0.55 (b, 4H). 









Figure 2.3: Reaction scheme of BT-diBr monomer 
 
2,5-dibromo-benzothiadiazole (4). Benzothiadiazole (10.00g, 73.44mmol) and 
150 ml of HBr (47% aqueous solution) was added to a two neck round bottom 
flask. A solution containing Br2 (35.21g, 220.32mmol) in 100 ml of HBr was 
added very slowly, followed by an additional 100 ml of HBr added to the 
solution. The solution was refluxed for 6 h. Precipitation of orange solid was 
observed. The mixture was allowed to cool to room temperature and filtered, 
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washed with deionized water. The crude product was dissolved in CHCl3 and 
washed with Na2SO3 solution, NaHCO3 solution and brine. The solution was 
dried over MgSO4 and solvent was removed under reduced pressure. The 
product was further purified by column chromatography (Hexane: DCM=1:1), 
followed by recrystallization from ethanol to afford the pure product as fine 
needles in 80% yield. 
1
H NMR (300MHz, CDCl3): δ7.73 (s, 2H). 
 




































Figure 2.4: Reaction scheme of EDOBX-diBr monomer 
 
N-(1,4-benzodioxan-6-yl)acetamide (8). Acetyl chloride (8.64g, 110mmol) 
was added dropwise to a solution of 1,4-benzodioxan-6-amine (15.12g, 
100mmol) and triethylamine (12.14g, 120mmol) in dichloromethane (300mL). 
The mixture was stirred at room temperature for 2 hours. The reaction mixture 
was washed with ammonium chloride solution, followed by brine. The organic 
phase was dried over anhydrous sodium sulphate. The solvent was removed 





NMR(300MHz, CDCl3): δ 7.18 (s, 1H), 7.12 (s, 1H), 6.86 (d, J = 8.7 Hz, 1H), 
6.78 (d, J = 8.7 Hz, 1H), 4.23 (s, 4H), 2.13 (s, 3H). 
N-(6-nitro-1,4-benzodioxan-7-yl)acetamide (9). A mixture of 70% HNO3 
(12.15g, 135mmol) and glacial acetic acid (100mL) was added dropwise to a 
solution of N-(1,4-benzodioxan-6-yl)acetamide 8 (17.39g, 90mmol) in glacial 
acetic acid (300mL). The reaction mixture was stirred at room temperature for 
2 hours. The yellow solid was filtered and washed with deionised water. The 
solid was dissolved in chloroform and the solution was washed with sodium 
bicarbonate solution, followed by brine. The solution was dried using 
anhydrous sodium sulphate. The solvent was removed under vacuum to give a 
yellow solid (19.1g, yield 89%). 
1
H NMR(300MHz, CDCl3)  δ 10.39 (s, 1H), 
8.31 (s, 1H), 7.78 (s, 1H), 4.35 (m, 2H), 4.28 (m, 2H), 2.25 (s, 3H). 
7-Nitro-1,4-benzodioxan-6-amine (10). Hydrochloric acid (2M, 150mL) was 
added to N-(6-nitro-1,4-benzodioxan-7-yl)acetamide 9 (17.87g, 75mmol). The 
mixture was refluxed for 4 hours. The reaction mixture was slowly cooled to 
0°C and sodium hydroxide solution was added till the mixture became basic. 
The orange precipitate was filtered and washed with cold deionised water. The 
wet product was carried forward to the next step without further purification. 
1
H NMR (300MHz, CDCl3) δ 7.67 (s, 1H), 6.23 (s, 1H), 5.83 (s, 2H), 4.30 (m, 
2H), 4.22 (m, 2H). 
Ethylenedioxy-benzoxadiazole oxide (11). Potassium hydroxide (4.63g, 
82.5mmol) and 7-nitro-1,4-benzodioxan-6-amine 10 from the previous step 
were dissolved in hot ethanol. The mixture was cooled to 0°C. Aqueous 
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sodium hypochlorite (12-15% by weight, 180ml) was added dropwise at 0°C. 
The mixture was stirred at 0°C for another 30 min and reaction completion 
was observed from the discoloration of the orange solid to a pale brown color. 
The reaction mixture was filtered and washed using cold deionised water. The 
wet product was carried forward to the next step without further purification. 
1
H NMR (300MHz, CDCl3): δ 6.79 (s, 2H), 4.36 (s, 4H). 
Ethylenedioxy-benzoxadiazole (12). A solution of triphenylphosphine (43.28 
g, 165 mmol) in THF (100 ml) was added dropwise to a solution of 
ethylenedioxy-benzoxadiazole oxide 11 in THF (100 ml). The reaction 
mixture was stirred for 16 hours at room temperature. The solvent was 
removed under vacuum and the product was purified with silica gel column 
chromatography using hexane to dichloromethane 3:2 as eluent. The purified 
product was a pale yellow solid (7.05g, 3-step combined yield of 53%). 
1
H 
NMR (300MHz, CDCl3) δ 7.12 (s, 2H), 4.38 (s, 4H). 
Dibromo-ethylenedioxy-benzoxadiazole (5). Ethylenedioxy-benzoxadiazole 
12 (1.78 g, 10 mmol), iron powder (0.112 g, 2 mmol) and anhydrous DMF (10 
ml) were added to a dry RBF under argon. The mixture was heated to 90°C 
and stirred until ethylenedioxy-benzoxadiazole dissolved. Bromine (4.79 g, 30 
mmol) was added dropwise to the heated mixture. The reaction mixture was 
stirred at 90°C for 4 hours. The mixture was cooled to room temperature. 
Deionised water (50 ml) was added and the mixture was extracted with 
dichloromethane. The organic extract was washed with sodium thiosulphate 
solution, sodium bicarbonate solution and brine. The organic layer was dried 
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using anhydrous sodium sulphate. The solution was filtered through a plug of 
silica gel. The solvent was removed under vacuum. The product was 
recrystallized in ethanol and chloroform solvent pair to obtain pale yellow 
crystals (2.00g, yield 60%). 
1
H NMR (300MHz, CDCl3): δ 4.53 (s, 4H). MS 
m/z: (M+) 335.9. 























Figure 2.5: Reaction scheme of polymerization for 1 and 2. 
 
F8-BT/F8-EDOBX polymer (1/2). In a typical experiment, monomers of equal 
molar ratio accurate to 0.1 mg or 0.1% of total mass, whichever is smaller, 
were added to argon charged vessel equipped with condenser and purged with 
argon three times. Freshly distilled toluene was purged with argon for 30 
minutes and then added into the reaction mixture, and the system was heated 
to 110°C till all solid dissolved.  Base solution was purged with argon for 30 
minutes and added. Lastly, catalyst mixture was prepared (depending on the 
catalyst system, typically 2 mol%), dissolved in toluene and then added via a 
syringe. The reaction was allowed to continue for 24 hours or 72 hours as 
required. End-capping, if performed, was carried out by addition of 
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benzylboronic acid and bormobenzene after 1 hour delay separately while 
keeping reaction mixture under reflux conditions.  
After reaction completion, reaction mixture was precipitated in methanol, 
solid product filtered by 0.2 μm polytetrafluoroethylene (PTFE) filter and 
collected. The solid was re-dissolved in chloroform, filtered through silica gel, 
and precipitated in methanol again. The solid was then collected with 0.2 μm 
PTFE filter and dried under vacuum.  
F8-BT, (1): in a typical experiment, 1 (200 mg, 0.311 mmol) and 2 (91 mg, 
0.311 mmol)  with 2 mol% catalyst was used; orange solid was collected as 
final product (116 mg, 71%). 
1
H NMR (300MHz, CDCl3): 8.03 (m, 8H), 2.14 
(b, 4H), 1.16 (b, 20H), 0.97 (b, 4H), 0.81 (t, 6H). 
F8-EDOBX, (2): in a typical experiment, 1 (200 mg, 0.311 mmol) and 2 (104 
mg, 0.311 mmol) with 2 mol% catalyst was used; yellow solid was collected 
as final product (132 mg, 76%). 
1
H NMR (300MHz, CDCl3): 7.91 (b, 6H), 




2.3 Results and Discussion 
2.3.1 Monomer synthetic routes  
Three monomers were synthesized for the polymerization, namely, F8-diEs 
(diboroester), BT-diBr and EDOBX-diBr (dibromides).  
Fluorene monomer was synthesized starting with commercially available 
unsubstituted fluorene. Double N-alkylation with octyl bromide was realized 
with sodium hydride. The double alkylation was shown to improve fluorene 
polymer stability
7
; the most widely used dioctyl side chain was chosen for 
simplicity. Bromination, and quenching of lithated fluorene with pinacol ester 
yielded the desired boroester as the final product. On the other hand, 
commercially available boroesters (Sigma-Aldrich®) used 1, 3-propanediol 
boroesters. Later tests showed some marked difference in reactivity between 
the two different boroesters (vide infra).   
Un-substituted BT monomer was commercially available and bromination at 
2,5- positions were easily carried out following literature reported 
procedures
11
. EDOBX monomer was synthesized starting from 2, 3-dihydro-
1,4-benzodioxin-6-amine. The amine group was firstly protected by acetyl 
group, followed by nitration using HNO3 and acetic acid. The protection was 
necessary to prevent amine oxidation. The amine group was then deprotected 
and intra-molecularly oxidized to form the benzoxadiazole ring; the dative 
oxygen was removed by PPh3. Finally, bromination with Br2 and iron in 
DMF
12
 yielded the desired product as off-white solids. 
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2.3.2 Polymerization and reagent purity 
Numerous reports have pointed monomer purity as the most critical parameter 
for polymerization to succeed
13, 14
. Naturally, presence of impurities in other 
reagents used is thought to affect polymerization as well. Therefore, as pre-
requisite for polymerizations, all monomers and reagents were subjected to 
additional purifications, and results were evaluated to find out the best 
approach. 
Our earlier experiments had established that presence of inorganic impurities 
in the bromide monomers used have detrimental effects on polymerization. It 
was commonly found that bromide monomers showed slightly yellow color 
but otherwise looked correct with right crystal forms. 
1
H NMR also showed no 
other impurities were present. However, polymerization using such monomers 
between F8diEs and BTdiBr resulted in zero products being obtained. It is 
highly likely that the impurity present, probably residue bromine, terminated 
reaction through catalyst poisoning at early stage and no reaction was possible. 




As a result, both 
1
H NMR and visual purity must be checked before monomers 
were qualified as "polymerization ready", which is characterized by 
1
H NMR 
to be >99% pure, with correct color and appearances (see appendix). 
Purifying the boroester to very high degree was a challenging task; after 
prolonged exposure to silica gel (typically more than 4 hours due to similar 
polarities of side products) formation of side product was confirmed by thin 
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layer chromatography (TLC) as re-appearance of impurity spots at same 
position as single-sided products, which was confirmed by 
1
H NMR. Column 
chromatography running time must be kept within an estimated 4 hours to 
prevent significant product loss. Due to high similarity between desired two-
sided product and one-sided impurities, recrystallization was found 
ineffective. Finally, the product should appear as white crystals. 
The bromides (BT-diBr and EDBOX-diBr) were found to offer high quality 
products by recrystallization, their limited solubility resulted in favorable 
recrystallization conditions. Multiple recrystallizations however were usually 
necessary to remove the undesired yellow color (residual bromine). Both were 
obtained as off-white needles. 
For the other reagents, commercially available P(otol)3 was purified by 
recrystallization in ethanol as well, affording white needle-like crystals; HPLC 
grade solvents were used after water removal and distilled. 
The two catalysts, Pd(PPh3)4 and Pd2dba3 were also subjected to 
recrystallization to remove possible contaminants. Recrystallization was 
carried out in N2-filled glove bag, being aware that these two are oxygen-
susceptible. Recrystallization of these two catalysts in hot toluene, chloroform 
and ethanol were attempted; Pd(PPh3)4 did not show significant improvement 
as the product still was dark brown, indicating oxidized state; while Pd2dba3 
suffered significant yield loss due to heat sensitivity. Therefore, without good 
environment control such as high-quality glove box, purification of Pd(0) 
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species should be avoided. Pd(II) catalysts were typically stable when stored at 
low temperature (4°C) and used as received. 
2.3.3 Polymerization and stepwise condition adjustments 
Patent published by Cambridge Display Technology® Ltd
10
 described 
modified Suzuki polymerization conditions for F8-BT polymers, using an 
organic base tetraethylammonium hydroxide, Et4NOH and Pd2dba3/P(otol)3 as 
catalyst system. The use of organic base reduced the adverse effect of two-
phase system typical for Suzuki reactions and expected to give better yields. In 
the patent referred, F8-BT polymers synthesized was reported to have 
molecular weight of 150 kDa. Two polymers were synthesized using this 
protocol, F8-BT, with weight-average molecular weight Mw 29 kDa and F8-
EDOBX, with Mw 35 kDa. Polydispersity index (PDI) was typically around 2. 
These results were far below reported 100 kDa Mw obtained, and optimization 
was carried out subsequently. 
Table 2.1: Experimental condition variations carried out for fluorene-based 
polymer (F8-BT/F8-EDOBX) polymerizations. Variations are highlighted in 
bold. All reactions were based on 200mg F8 monomer. 
 
Entry Polymerization conditions Mn/Mw / kDa  
F8-EDBOX polymers  
1 Pd2dba3/P(otol)3, Et4NOH 5 eq., 110°C, 24  hours  16/35  
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2 Pd2dba3/P(otol)3, Et4NOH 5 eq., 110°C, 24 hours; 
additional catalyst (1mol%) after 12 hours 
19/38 
3 Pd2dba3/P(otol)3, Et4NOH 5 eq., 90°C, 24 hours 0/0 
4a PdCl2(MeCN)2, Et4NOH 5 eq.,  110°C, 24 hours 3/6 
4b Pd(OAc)2, Et4NOH 5 eq., 110°C, 24 hours 0/0 
4c Pd(PPh3)4, Et4NOH 5 eq., 110°C, 24 hours 11/24 
F8-BT polymers  
5 Pd2dba3/P(otol)3, Et4NOH 5 eq., 110°C, 24 hours 14/29 
6 Pd(PPh3)4, Et4NOH 5 eq., 110°C, 24 hours  0/0 
7 Pd2dba3/P(otol)3, Et4NOH 5 eq., 110°C, 72 hours 15/31 
8 Pd2dba3/P(otol)3, Et4NOH 5 eq., 110°C, 24 hours;  
F8-bis(1,3-propanediol boroester) used 
19/39 
 
The optimization process is summarized in Table 2.1. Based on F8-EDOBX 
system, it was found that catalysts were active throughout the reaction time of 
24 hours with only a slight drop in activity, as stepwise catalyst addition did 
not lead to significant improvement (Table 2.1, entry 2). Variation on reaction 
time to 72 hours (Table 2.1, entry 7) also did not produce significant changes 




Reaction temperature, on the other hand, did affect the reaction; lowered 
temperature resulted in low catalyst activity and therefore could not generate 
any polymers (Table 2.1, entry 3). This suggests Pd[P(otol)3]3 complex 
required high temperature to be functional. Additionally, this also hints the 
fast formation of the Pd[P(otol)3]3 complex, as Pd2dba3 degradation at 110°C 
was previously found to be very fast. Limited by toluene boiling point, 
temperature above 110°C could not be tested, though it is expected through 
competition between thermal stability of monomers that reduce Mw, and faster 
polymerizations that increase Mw, an optimized temperature should exist that 
is polymer-dependent. 
Catalyst species were also shown to have significant impact on 
polymerization. Different catalysts were tested on F8-EDOBX polymers: 
PdCl2(MeCN)2; Pd(OAc)2; and Pd(PPh3)4. Among these three, only Pd(PPh3)4 
was able to give reasonable yield of Mw 24 kDa (Table 2.1, entry 4a-c); 
however, this still falls short of the Mw achieved by Pd2dba3/P(otol)3 of 35 
kDa (Table 2.1, entry 1). While F8-BT polymers were tested using above 
conditions, Pd(PPh3)4 gave no product at all while Pd2dba3/P(otol)3 produced 
products with Mw of 29 kDa (Table 2.1, entry 5-6). This indicated that ligand-
metal-monomer interactions indeed play a very significant role in determining 
rate of reaction
14, 15
; further, Pd2dba3/P(otol)3 is shown to be particularly 
suitable for Suzuki-type polycondensaton reactions. 
Another source of impact was the identity/reactivity of boroesters; changing 
from pinacol boroester to 1,3-propanediol boroester resulted in polymer Mw 
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increase from 26 kDa to 39 kDa (Table 2.1, entry 8). This was concluded as a 
result of boroester reactivity, as 1,3-propanediol boroesters was found more 
susceptible towards silica gel than pinacol boroesters during purification. 
Hence, higher reactivity functional groups should always be used as far as 
synthetically feasible; this also correlated to the generally higher molecular 
weight polymers produced by Stille polycondensation where more reactive 
stannane compounds were used. 
Overall, monomer reactivity and catalyst system were found to have most 
significant impact on polymerization, while other factors such as temperature 
and reaction time have only minor impacts. Nevertheless, the key factors that 
lead to high molecular weight polymers were still not found at this stage.  
2.3.4 Polymerization and monomer stability 
The various reaction parameters optimized above showed only limited impacts 
on molecular weight of products, and this left monomer as only remaining 
possible source of error. Therefore, the fate of monomers in a polymerization 
reaction was closely examined. 
To better understand effect of side reactions, a simple kinetic analysis was 
performed on the monomers used by subjecting F8-diEs and BT-diBr to 
polymerization conditions at toluene/Et4NOH/110°C. Samples were drawn at 
regular intervals to monitor the chemical changes by 
1
H NMR. 
No other changes except loss of boroester group were found from 
1
H NMR of 
F8-diEs kinetic study, confirming the stability of fluorene core. BT monomer 
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on the other hand showed clear changes after 6 hours, manifested as change in 
mixture color from pale yellow to dark yellow, which further changed to dark 
brown after 12 hours under polymerization conditions. Washing the mixture 
with water resulted in the color completely transferred to aqueous layer. 
Clearly, BT had decomposed to give water-soluble side products. Therefore, 
the biggest problem was identified to be the instability of BT monomers under 
highly basic conditions. 
Table 2.2: Stability tests on BT monomers under different conditions 
 
Test conditions Results 
toluene/Et4NOH, 
5eq./110°C 
Decomposition started after 6 hours, completely 




Stable after 12 hours, decomposed after 24 hours 
 
The procedure patented by Dow company
5
 used an inorganic base, Na2CO3 in 
aqueous solution, and a phase-transfer agent aliquot®336 was needed to 
compatibilize the two-phase system. Similar stability test as above using 
toluene/Na2CO3/H2O/aliquot®336/110°C showed greater stability of BT 
monomer up to 12 hours, though decomposition still took place after 24 hours.  
Further kinetic studies on BT under Et4NOH and Na2CO3 was conducted and 
monitored by UV-vis spectroscopy, based on distinct color changes associated 
with its degradation. Fractions of the reaction mixture was drawn out at 
regular time intervals and diluted with fixed dilution factor before 
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measurement. The results are shown in Figure 2.6. The absorbance values at 
351 nm at different time intervals were taken and plotted as percentage of 
reference values. The plot is shown in Figure 2.6c, which clearly indicated 
instability of BT towards Et4NOH and better stability in Na2CO3. 
 
Figure 2.6: UV-vis spectra of BT degradation with respect to time in a) Na2CO3 and 
b) Et4NOH; the absorbance ratio at 351 nm with respect to reference is plotted in c). 
 
The results using this condition are summarized in Table 2.3. When 
stoichiometric ratio of base was used only low molecular weight polymers 
(mw 11 kDa) was produced (Table 2.3, entry 9a); clearly excess bases are 
needed to fully activate the boroester, which was addressed subsequently by 
using 5eqivalent (2.5× excess) of base (Table 2.3, entry 9b) and scaling up the 
reaction to 1 g F8 monomer (other reagents scaled accordingly), polymer with 
Mw 49 kDa was generated. A further reaction with 3 g monomer switching to  
1,3-propanediol boroester pushed the Mw to 81 kDa, the highest so far (Table 
2.3, entry 9c). These results demonstrated the correct choice of basic 
conditions in Suzuki polycondenstaion is one of the key parameters, and 
monomer degradation under polymerization conditions will have significant 
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Table 2.3: Experimental condition variations for fluorene-based polymer (F8-
BT) polymerizations with inorganic base; variations are highlighted in bold.  
 
Entry Polymerization conditions 
Mn/Mw / 
kDa  
9a Pd2dba3/p(otol)3, Na2CO3 2 eq. /aliquot® 336, 110°C, 24 
hours; F8 monomer 200mg scale, di-(pinacol boroester) 
5/11 
9b Pd2dba3/p(otol)3, Na2CO3 5 eq. /aliquot® 336, 110°C, 24 
hours; F8 monomer 1g scale,  di-(pinacol boroester) 
25/49 
9c Pd2dba3/p(otol)3, Na2CO3 5 eq. /aliquot® 336, 110°C, 24 




In addition to the correct use of base that is compatible with the monomers, 
above results also highlighted the importance of matching monomer ratio; 
significant improvement on results as reflected by Mw obtained was achieved 
by increasing the scale of reaction. This is rationalized by reduced monomer 
ratio mismatch as percentage error introduced during monomer weighing was 
reduced; the balance accuracy of ± 0.1 mg becomes far less significant in  
weighing 1.00 g monomer (0.01% error) compared with weighing 0.200 g 
monomer (0.05% error). Whenever possible, larger scale of polymerization 
should be preferred over smaller scale reactions. 
However, synthesis of F8-EDOBX based on above optimized conditions 
(Pd2dba3/P(otol)3, Na2CO3/Aliquat 336, di-(1,3-propanediol) boroester)  only 
yielded Mw of 44 kDa, which probably was due to combined effect of catalyst 
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and base strength that needs to be optimized for different polymerization 
reactions. 
2.4. Conclusions  
For Suzuki polycondensations involving basic conditions, the strength of the 
base was found to be one of the most critical parameters. While using a 
weaker base can avoid degradation of monomers should the monomers be 
base-susceptible, the weaker base would also slow down the reaction by 
limiting the transmetallation step where boroester attack on metal center 
requires assistance of a base. Achieving the correct balance between monomer 
stability and rate of reaction would require extensive optimizations to find the 
best base, together with optimizing the catalyst system, achieving a high 
molecular weight polymer using Suzuki polycondensation is a challenging 
task and continued optimization of all aspects of this reaction is necessary in 
order to achieve high performance polymerizations. Further, the significance 
of monomer ratio matching reported numerous times in literature is once again 
confirmed experimentally; polymerization with 0.5g scales or above should 
always be planned when conditions permit. 
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Chapter 3. Design, synthesis and applications in 




Poly (3-hexylthiophene) - block - poly [[N,N‟-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5‟-(2,2‟-bithiophene)] 
(P3HT-b-PNDIT2) diblock oligomer was designed with the assistance of  
computational methods, and synthesized by a combination of end-group 
modification and Stille polycondensation reactions. Successful linking 
between segments was confirmed by gel permeation chromatography (GPC). 
Application of the oligomer in P3HT-PNDIT2 blends as a ternary blend 
showed domain size reductions during film formation, compared with binary 
blends of P3HT-PNDIT2. Organic photovoltaic (OPV) devices were 
optimized with solvents mixtures and power conversion efficiency (PCE) 
1.2% was achieved using 5% w/w ternary blend films, in comparison with 






3.1.1 Polymer-polymer organic photovoltaic devices 
State-of-the-art architecture for organic photovoltaic (OPV) devices is based 
on bulk-heterojunction (BHJ)
1
 concept developed since 1995
2
. In BHJ 
architecture, exciton dissociation occurs at donor-acceptor interface; ideally, 
the interface area is maximized by forming intercalating donor-acceptor 
networks
3
 within the active layer, with sizes close to the exciton dissociation 
length typically ~10 nm
4
. Light-absorbing materials should have low band gap 
optimally about 1 eV 
5
 to fully utilize solar radiation. Donor and acceptor 
materials should have lowest unoccupied molecular orbital (LUMO) energy 
level offset of ~0.3 eV 
6
 to facilitate exciton dissociation; high degree of 
delocalization within polymer chains to facilitate charge transport; difference 
between highest occupied molecular orbital (HOMO) energy level of donor 
and LUMO of acceptor should be as large as possible to maximize open-
circuit voltage (VOC)
7
. Further, high and balanced hole and electron mobility 
of materials are required, as demonstrated by Liu et al.
8
 to reduce charge 
accumulation thereby improve short-circuit current density (JSC). Good 
morphology, in which continuous and intercalating network of donor-accepter 
blend is needed to improve charge extraction as well for good fill factor (FF).  
Most BHJ OPV devices are based on fullerene-polymer system, made by spin-
coating or printing methods from bi-blend solutions containing polymer donor 
and fullerene derivative acceptor materials. Such OPV devices have achieved 
good efficiencies. Some of the best performance reported to date reached 
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photo-conversion efficiency (PCE) of 9.2% by He et al.
9
  and 10.8% by Liu et 
al.
10
. This blend system utilizes the good electron mobility and solubility in 
organic solvents displayed by fullerene derivatives, such as phenyl-C61-
butyric acid methyl ester (PC61BM)
11
 and indene-C60 bisadduct (ICBA)
12
, for 
the acceptor material.  
Various polymers have been used as donor materials. One well-studied 
example of fullerene-polymer system uses poly(3-hexylthiophene) (P3HT) as 
donor. P3HT is one of the earliest developed semiconducting polymers
13
 and 
is still widely used in various studies due to its narrow bandgap and relatively 
good charge mobility
14
. P3HT-PC61BM was firstly reported in 1995
2
 and is 
still one of the benchmark system with efficiency approaching 5% being 
reported
15
. This system has also been extensively studied, at least partly due to 
highly controlled synthesis of P3HT allowing simultaneous control of multiple 
parameters and design of complex systems. 
However, the use of fullerene derivatives also has several limitations. LUMO 
levels for fullerene derivatives span a small range. For example, LUMO of 
PCBM is 3.9 eV
16
; for ICBA is 3.6 eV
17
. The window for VOC adjustment is 
thus limited. Fullerene derivatives also suffer from poor air stability rendering 
the system chemically unstable under ambient conditions.  
On the other hand, a polymer-polymer blend system, which uses polymer 
materials for both donor and acceptor, has a number of advantages over the 
polymer-fullerene system. Energy levels for both donor and acceptor can be 
adjusted by choices of polymer chemical structures, potentially giving rise to 
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higher VOC and thus higher PCE. With choices of air-stable polymers better 
stability towards ambient conditions can be expected as well. 
One example of polymer-polymer blend system is P3HT-PNDIT2. 
Poly[[N,N‟-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5‟-(2,2‟-bithiophene)] (PNDIT2) was developed as n-type 
material
18
 for field-effect transistor (FET) applications; its good electron 
mobility
19
 approaching 1 cm
2
/Vs makes PNDIT2 a suitable acceptor 

















Figure 3.1: Chemical structure of P3HT and PNDIT2.  
 
When blend together with P3HT as the photoactive layer of OPV cells, the 
P3HT-PNDIT2 has a relatively small theoretical VOC at about 0.6V, due to 
relatively narrow P3HT-HOMO and PNDIT2-LUMO gaps. Nevertheless, 
good charge transport properties allow good PCE to be achieved by this 
system. Significant progress has been made into P3HT-PNDIT2 OPV 
devices
20
, with PCE ~2% reported as best device
21
. Factors that are shown to 
affect PV performance included solvents, annealing conditions, and especially 
use of additives
22





these reports reached a consensus that morphology control of the photoactive 
polymer blend is critical to achieve high PCE. 
The challenge faced when applying polymer-polymer blend in BHJ 
architecture is the large phase separation length scale of the two phases when 
spun from a bi-blend solution, resulting in coarse phase separations. The 
tendency to form coarse domains lies in the thermodynamics of mixing two 




                 ......................................................................... (3.1) 
Where FA+B is the total free energy of the single mixed phase and FA, FB are 
the free energies of the separated phases respectively. Relationship between 
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Where k is the Boltzmann constant, T is temperature, Φ is the composition of 
polymer, N is degree of polymerization, and χ is the Flory-Huggins interaction 
parameter, which is positive for not fully miscible polymer pairs, generally the 




Figure 3.2: general phase diagram
24
 of two-polymer system; the spinodal line 
indicates region where small changes in composition results in significant 
phase behavior changes. 
 
A general phase diagram of two-polymer system, such as the one shown in 
Figure 3.2 based on equation 3.2, highlights the crossing-over from fully 
miscible, one-phase region to separated, two-phase region with increasing 
degree of polymerization N. This intrinsic phase separation tendency limits the 
ideal solar cell structure as meta-stable at best, reflected in their performance 
sensitivity towards various treatments such as thermal annealing
25
. 
The P3HT-PNDIT2 system was shown to suffer from such limitations. 
Morphology of P3HT-PNDIT2 blend films have been studied in detail
26, 20, 21, 
22
. Atomic-force microscopy (AFM) and scanning near-field optical 
microscopy (SNOM)
21





 much greater than the typical exciton free path of ~10 nm. 
But exciton dissociation is still achieved as a result of sub-domain phase 
separations in the range of 10~20 nm
26, 21
. Presence of such sub-domains are 
indirectly probed by polarized X-ray
27
 and soft X-ray methods
28
 but direct 
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observation of such domains has not been reported yet. Clearly, there is much 
room between 10 nm to 100 nm that require further optimizations. 
 
Figure 3.3: Morphology of P3HT:PNDIT2 blend films. a): topography and c): 
phase AFM images from chlorobenzene (CB) 
20
; f): as-spun and g): annealed 




3.1.2 Methods for phase separation control 
In order to address the phase separation issue in a polymer-polymer blend, one 
widely reported method is pre-patterning. In this method, one component is 
fixed into pre-defined shapes, followed by back-filling with second 
component. The device is then completed with electrodes and other 
components as needed. Anodic aluminum oxide (AAO) templates consisting 
100 nm wide nano-rod arrays were used by Haberkorn et al.
29
 to deposit p-
type materials, followed by etching of AAO template and back-filling of n-
type materials to generate well-ordered, interpenetrating network at 100 nm 
scale.  Phase separation at 1 μm scale was achieved by Park et al.30 using 
micro-contact printing or dip-pen lithography of thiols on gold surfaces. 
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Despite these advances, achieving 10~20 nm scale separation still remains as a 
challenge, not to mention the tedious work required by patterning. 
Patterning PV devices can also be achieved by self-assembly of diblock 
polymers. Diblock polymers, consisting two covalently linked polymer 
segments, have been shown to display complex morphology that is able to 
form continuous networks by careful tweaking of compositions; this structure 
is ideal for OPV applications
31
. However, synthesis of diblock polymers is 
often limited by the synthesis methods as highly directional and efficient 
polymerization methods are scarce. 
Alternatively, shorter oligomeric diblock molecules can be generated feasibly 
by means such as masking. When added into polymer blends, this oligomer, 
termed compatibilizer 
32
, is expected to behave as surfactant at the polymer-
polymer interface. In a binary polymer blend mixed with diblock oligomer, the 
oligomer tends to distribute along the interface between the two polymers 
(Figure 3.4), stabilizing the interface and controlling the morphology to be 
formed. 
 
Figure 3.4: illustration of phase separation of polymers reduced by presence of 




Various polymers consisting of coil (non-conjugated) or rod (conjugated) 
segments attached with pendant groups
33
 has been reported. Lee et al.
34
 
reported synthesis of P3HT-b-methyl methacrylate (MMA)-r-2-hydroxyethyl 
methacrylate (HEMA), with C60 attached to MMA-r-HEMA blocks. Ordered 
microphases were observed under transmission electron microscope (TEM). 
Sommer et al.
35
 reported synthesis of series of coil-polymers, onto which 
triphenylamine and perylene diimide molecules were attached as pendant 
groups at respective segments, forming a diblock copolymer. These polymers 
however showed limited performance improvement when applied in OPV 
devices, as introduction of non-conjugated coil polymer would likely hinder 
charge transport through the bulk of the active layer. 
Fully conjugated diblock oligomers have also been used in OPV blends as 
ternary mixtures
36
. One example is the diblock P3HT-b-poly(9,9′-
dialkylfluorene-alt-4,7-bis(2,5-thiendiyl)-2,1,3-benzothiadiazole) (PFTBTT) 
reported by Mulherin et al.
37
, which was added into a blend together with 
P3HT and PFTBTT polymers to form ternary blend. AFM images showed 
formation of ordered terraces at 25~50 nm scale after annealing. Best device 
performance of PCE 1.17% was achieved with 17% diblock polymer ternary 
blend annealed at 200°C, which however still falls short of 1.50% achieved by 
binary blend annealed at 130°C. The authors attributed the shortfall to possible 
impurities present in the material synthesized, and the domains being “too 
fine” for exciton dissociation. More in-depth study of photoactive layer 
morphology was not conducted, and the reasons for unsatisfactory 
performance remain speculative. Possibly, further adjustment in ternary blend 
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composition and film preparation conditions can lead to improved morphology 
that ultimately gives higher PCE than binary control devices. 
While the feasibility of morphological control using diblock 
oligomers/polymers as additives in a polymer blend has been demonstrated, 
understanding of polymer film morphology control and correlation between 
observed features to device performance remains largely incomplete. This 
work is intended to further understand the role of diblock plays in such ternary 
blend, and possible ways to improve overall PV devices performance. 
3.1.3 Synthetic challenges of diblock polymers 
Synthesis of diblock copolymers usually follows one of the two possible 
routes: stepwise-growth like, or chain-growth like. A schematic is shown in 
Figure 3.5. In step growth-like method, the two polymer segments are formed 
separately first and added together to form the diblocks. For chain growth-like 
method, the 2
nd
 monomer is added after formation of first block as a 








While chain growth-like method is superior in theory by offering high degree 
of control on segment lengths, and unambiguous linking between segments, 
the applicability is often limited by the lack of chain growth polymerization 
methods needed to realize this methodology.  
Step growth-like method on the other hand would suffer from inefficient 
cross-linking between the segments. The reaction mixture can be 
approximated to a dilute, viscous solution of active groups; Flory‟s 
assumption
39
 that end-group reactivity is independent of polymer chain length 
is no longer valid as active groups can no longer diffuse freely. This 
shortcoming is usually addressed by adding one segment either as end-capping 
agent
37
, or introducing all components at the beginning of the reaction
40
. Even 
with successful linkage, the lack of directional control of step-growth 
polymerization
41




So far, diblock polymers are largely limited to non-conjugated coil-coil or 
coil-conjugated rod type of polymers
33
, Fully conjugated rod-rod polymers are 
scarcely reported, due to lack of uni-directional polymerization protocol. One 
exception, however, is P3HT. The Grignard metathesis method (GRIM) 
developed by McCullough et al.
42
 allows synthesis of highly regio-regular, 
narrow dispersity P3HT polymers. Kinetic studies suggested the 
polymerization is “quasi-living” in nature, in which catalytic centers remain 
active on the chain end throughout the polymerization process. This fact has 
been utilized to generate diblock polymers, for example, Bhatt et al.
43
 reported 
synthesis of poly-3-alkyl thiophene with different side chains as two different 
blocks, the monomers were simply added in sequence of polymerization. In 
fact, almost all the diblock rod-rod polymers reported to date utilize P3HT as 
one of the building blocks
38
. 









; synthesis of triblock P3HT-b-PNDIT2-b-
P3HT was reported by Wang et al.
46
 as well. Adjustment of P3HT ratio was 
found important to control the addition at diblock or triblock stage. 
In addition to the synthetic challenges, currently there are no reliable direct 
characterization methods to confirm the successful linkage between segments. 
1
H nuclear magnetic resonance (NMR) methods suffer from high "noise" 
signal from polymer chains that hinders identification of chain ends. The only 
64 
 
method reported for diblock polymer characterization so far is gel-permeation 
chromatography (GPC) with UV-visible light absorption detector to identify 
the (co)presence of two blocks within same fraction. Still, ambiguity exists as 
whether the eluted out portions are truly linked, or simply a mixture of two 
components with similar molecular weights, that cannot be distinguished. 
Finally, since all products (desired and side products) from such reactions are 
polymers, purification is also difficult. While smaller segments can be 
removed by Soxhlet extraction, mixing of diblock and single block polymers 
and possibly with triblock polymers is inevitable. These factors are considered 
and further discussed in the section 3.3.2. 
3.1.4 Characterization techniques 
Electron microscopy 
High-magnification electron microscopy methods, such as scanning electron 
microscopy (SEM) 
47,48
 and conventional transmission electron microscopy 
(TEM)
49
, have been used in characterization of active layer morphology 
extensively. However, both methods have their limitations. Probing length is 
limited for SEM; in TEM, low electron diffraction constant of light elements 
such as C, O that dominate polymer composition, resulted in low contrast 








High-angle annular dark field scanning TEM (HAADF-STEM) is a variation 
of TEM. Like in a normal TEM, an electron beam passes through the sample 
and some electrons become scattered; electron beam scattered at high angles 
are collected, hence the name high-angle annular dark field (Figure 3.6). 






⁄          ................................................................................. (3.3) 
Where I and I0 are intensities of scattered electron beam and source electron 
beam respectively, N is Avogadro‟s constant, σ is scattering cross section, ρ is 
density, and t is thickness of the sample. 
Hence, the scattered electron beam intensity will depend on atomic number, 
film thickness, and density of the sample. Loos et al.
50
 showed that very good 
contrast can be obtained from polymer films consisting of polymers with 
different density, allowing clear identifications of two polymers, even though 
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they have similar elemental composition. This method is therefore applied in 
this work to analyze the polymer film composition and morphology. 
Space-charge-limited current measurements 
A typical diode is made with the organic semiconductors sandwiched between 
two different conducting electrodes. By selection of the electrodes, hole-only 
or electron-only diodes can be made and unipolar charge mobility evaluated. 
As the electrodes have different work functions, an internal electric field is 
built across the semiconductor. The potential is the built-in voltage (Vbi). 
When an electrical bias greater than Vbi is applied, charge carriers are injected 
into the semiconductor. , When the electrodes are able to form ohmic contacts 
with the adjacent semiconductor, the current will be space-charge-limited
52
. 
This current can be described by the Mott-Gurney equation
53
: 
    ⁄   
       
 
  
 .................................................................................. (3.4) 
Where J is current density, ε is dielectric constant of the semiconductor, μ is 
charge carrier mobility, V is applied voltage, and L is thickness of the 
semiconductor between the electrodes. Charge carrier mobility can therefore 
be obtained from current density vs. voltage (J-V) curves SCLC mobility is 
more relevant in OPV context where charge transport across the film thickness 
is important. In contrast, field-effect transistor (FET) mobility measures the 
horizontal charge transport and the values typically are few orders of 
magnitude higher than SCLC mobility, showcasing the effect of molecular 





3.2.1 Computational modeling methods 
Chemical structures were drawn and converted to coordinates input files using 
ChemDraw®. Geometrical optimization and energy level calculations were 
done using two different software packages: Chem3D® (Cambridge) with 
MOPAC package, and GAMESS. Both programs were used to cross-check the 
reproducibility of results obtained. Output files were extracted for both 
geometry and energy levels using Facio. 
3.2.2 Synthetic procedures 
All chemicals were used directly as received without further purifications 
unless otherwise stated. THF was distilled over sodium and benzophenone 
mixture before use. Toluene was distilled over calcium hydride before use. 
Reactions were carried out under N2 conditions or in glovebox as specified. 
GPC performed with Waters Alliance® HPLC system against polystyrene 
standards using THF as mobile phase. 





























Figure 3.7: Reaction scheme for NDI monomer. 
 
2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic acid dianhydride (5). A 
solution of dibromoisocyanuric acid (4.57 g, 16.0 mmol) in oleum (20% SO3, 
50 ml) was added at room temperature to a solution of naphthalene 
dianhydride (2.68 g, 10.0 mmol) in oleum (20% SO3, 100 ml) over a period of 
4 h. The resulting mixture was stirred at room temperature for 1 h and then 
cautiously poured onto ice (500 g) to give a bright yellow precipitate. The 
suspension was diluted with water (1.5 l) and allowed to stand for 3 h. The 
yellow solid was collected, washed with dilute HCl, and dried (3.41 g,  80%), 
which was used without further purification. EI-MS m/z:  426 [M+] (calc. 
426). Due to its extremely low solubility, no 
1
H NMR spectrum could be 
obtained.  
2,6-dibromo-di-[N-(2-octyldodecanyl)]-1,4,5,8-naphthalene diimide (NDI-
diBr) (2): 2,6-dibromo-1,4,5,8-naphthalenetetracarboxylic acid dianhydride 
(3.0 g, 7.04 mmol assuming pure 5), and 2-octyldodecanyl amine 8 (16 ml, 4 
eq.) was mixed with 80 ml glacial acetic acid and stirred at 120 ºC under 
argon. When all solids were dissolved, about half of acetic acid was removed 
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under reduced pressure and the concentrate was added to 200 ml methanol. 
The resulting reddish solid was collected by filtration, washed with methanol, 
and dried under reduced pressure. The crude product was then purified via 
column chromatography (silica gel, dichloromethane). The resulting orange 
solid was further purified via recrystallization from ethanol to give 2 as yellow 
solids (2.65 g, 58% assuming pure 5). 
1
H NMR (CDCl3, 300 MHz): δ 8.99 (s, 
2H), 4.16 (m, 4H), 1.98 (m, 2H), 1.31 (m, 64H), 0.86 (m, 12H). 
Synthesis of alkyl amine 
2-octyl-dodecanylbromide (6). A solution of triphenylphosphine (14.7 g, 56 
mmol) in 100 ml dichloromethane was sparged with argon for 15 minutes at 
0°C, followed by addition of Br2 (2.88 ml, 56mmol) at room temperature. 
After 2-decyl-1-tetradecanol (20ml, 56mmol) was added dropwise via 
additional funnel over 30 minutes, the reaction solution was stirred at room 
temperature overnight under argon. Dichloromethane was evaporated, and the 
concentrate filtered with pentane wash. The filtrate was concentrated via 
rotary evaporation and the resulting crude yellow oil was purified via column 
chromatography (silica gel, 4:1 hexane/dichloromethane). The product was 
isolated as colorless oil (21g, 90%). 1H NMR (300MHz, CDCl3) δ: 3.43 (d, 



























Figure 3.8: Reaction scheme for 2-octyldodecanyl amine 
N-(2-decyltetradecyl)phthalimide (7). Potassium phthalimide (11.33g, 
61mmol) was added to a solution of 2-decyl-1-tetradecylbromide 6 (21g, 
56mmol) in 40 ml dry DMF. The reaction was stirred for 16 hours at 90°C. 
After cooling to room temperature, the reaction mixture was poured into 150 
ml water and extracted with dichloromethane (3 x 100 ml). The combined 
organic layers were washed with 200 ml 0.2 N KOH, water, saturated 
ammonium chloride, dried over anhydrous MgSO4, and concentrated under 
reduced pressure. The resulting crude yellow oil was purified via column 
chromatography (silica gel, dichloromethane) giving 7 as a pale yellow oil 
(17.8g, 95 %). 
1H NMR (300MHz, CDCl3) δ: 7.81 (m, 2H), 7.68 (m, 2H), 
3.54 (d, 2H), 1.84 (m, 1H), 1.25 (m, 32H), 0.85 (m, 6H).  
2-decyl-1-tetradecylamine (8). N-(2-decyltetradecyl) phthalimide (12.1g, 
25.0mmol), hydrazine hydrate (80% hydrazine) (3.77 ml, 77.5mmol), 3.77ml 
water, and 100 ml methanol were stirred at 95°C and monitored by thin-layer 
chromatography. After disappearance of the starting imide, the methanol was 
evaporated under reduced pressure. The residue was diluted with 100ml 
dichloromethane and washed with 10% KOH aq. solution. Aqueous layers 
were combined and extracted with dichloromethane, washed with brine and 
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dried over MgSO4. The removal of dichloromethane afforded yellow oil as 
product which was used in NDI synthesis without further purification (8.0g, 
95%). 
1
H NMR (300MHz, CDCl3) δ: 4.44 (br, 2H), 2.65 (d, 2H), 1.45 (m, 
1H), 1.22 (br, 32H), 0.84 (m, 6H).  
Synthesis of bithiophene, T2 




Me3SnCl, -78°C to r.t. 39
 
Figure 3.9: Reaction scheme for 5,5‟-bis(trimethyltin)-2,2‟-bithiophene 
 
5,5‟-dibromo-2,2‟-bithiophene (9): 2,2‟-bithiophene (1g, 6.01mmol), 
NBS(2.57g, 2.4 eq), in 100ml of chloroform acetic acid 1:1 v/v mixture, was 
stirred together overnight in the absence of light. Solid product was collected 
by filtration with quantitative yield (1.9g). The product was directly used for 
next step. 
1
H NMR (300MHz, CDCl3): 7.04 (q, 2H), 6.96 (d, 2H), 6.84 (d, 
2H). 
5,5‟-bis(trimethyltin)-2,2‟-bithiophene (T2-stannane) (3): BuLi (2.6 ml, 2 M in 
THF) was added to 5,5‟-dibromo-2,2‟-bithiophene 9 (0.79g, 2.44mmol) in 
THF solution at -78°C for 1 hour, and the mixture was raised to room 
temperature for another 1 hour before cooled to -78°C again. Trimethyltin 
chloride (3 ml, 1.6 M in THF solution) was added and the mixture was 
allowed to warm up for 1 hour and stirred at room temperature for 16 hours. 
The reaction mixture was then quenched with NH4Cl aq. solution and THF 
removed under reduced pressure. Remaining residue was extracted with 
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dichloromethane, washed with water and brine, and solvent removed to afford 
yellow color solid as crude product. The crude was recrystallized in 
methanol/chloroform for a few times until a pale-white needles were obtained 
as desired product (0.91g, 76%). 
1
H NMR (300MHz, CDCl3):  7.28 (d, 2H), 
7.08 (d, 2H), 0.38 (s, 18H).  










Figure 3.10: Reaction scheme for P3HT. 
 
P3HT (4): 2, 5-dibromo-3-hexyl-thiophene (0.200 g) was dissolved in THF 
and isopropyl magnesium chloride 1.1 eq. in ether solution (1.6 M) was added 
in glovebox. The mixture was heated at 40°C for 4 hours until a dark yellow 
solution was obtained. Ni(dppp)Cl2 was suspended in THF and added into 
prepared thiophene mixture with ratios ranging from 10 mol% to 5 mol%, 
based on the repeat unit targeted assuming exhaustive polymerization. The 
polymerization was allowed to stir and heat at 40°C for another 6 hours before 
quenched in 5 M HCl in methanol solution. The brown solid precipitated was 
collected by 0.2 μm PTFE filter, re-dissolved in chloroform and filtered 
through silica gel. The filtrate was concentrated and precipitated in methanol 
again; solid was collected and dried under high vacuum (0.1g, 90%). 
1
H NMR 
(CDCl3, 300MHz) δ: 6.98 (s, 1H), 2.80 (t, 2H), 1.70 (m, 2H), 1.36 (m, 5H), 
0.91 (t, 3H).  
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Figure 3.11: Reaction scheme for PNDIT2 polymers. 
 
PNDIT2 (10). NDI-diBr monomer (200mg) and T2 stannane monomer 
(138mg, 1.00 equiv.) measured accurately to 1mg, was added into argon 
charged vessel equipped with a condenser and purged with argon. Toluene 
was mixed with DMF at the ratio of 10:1 v/v and argon purged for 30 minutes, 
and 10ml of solvent was added into the reaction vessel and stirred at 115°C 
until all monomer dissolved. Pd(PPh3)2Cl2 (2mg, 2mol%) was dissolved in 
toluene and added. The mixture was allowed to stir at 115°C in the absence of 
light for 24 hours then 2-bromothiophene (0.1 ml, 1 equiv.) was added as end-
capping agent.  
Reaction mixture was allowed to cool to room temperature and precipitated in 
methanol. The volume required is 10 times of reaction mixture volume. The 
solid was filtered with 0.2 μm PTFE filter, dissolved in chloroform, filtered 
through 1cm silica gel bed, and major portion of solvent removed under 
vacuum. The concentrate was then precipitated in methanol, filtered with 0.2 





H NMR (CDCl3, 300MHz) δ: 8.99 (s, 2H), 7.37 (s, 2H), 4.23 
(bs, 4H), 2.35 (s, 2H), 1.33 (m, 64H), 0.91 (m, 12H). 
Synthesis of diblock polymers through end-group modification 











Figure 3.12: reaction scheme for bithiophene end-capped P3HT. 
 
P3HT-T2: under argon conditions, P3HT (50 mg, Mn 6kDa) was mixed with 
T2-stannane (12.8 mg, 5eq), 2mol% catalyst Pd(PPh3)2Cl2, and stirred at 90°C 
in dry toluene. After 2 hours, heating was stopped and the reaction mixture 
was poured into methanol. The solid was filtered over 0.2 μm PTFE filter and 
dried, washed and dried again. Brown solid was obtained and directly used in 
next step. 
1
H NMR (CDCl3, 300MHz) δ: 6.98 (s, 1H), 2.80 (t, 2H), 1.70 (m, 
2H), 1.36 (m, 5H), 0.91 (t, 3H), 0.38 (s, 0.03H).  

































Figure 3.13: reaction scheme for P3HT-b-PNDIT2.  
 
P3HT-b-PNDIT2 (1). end-capped P3HT (21.56 mg) was mixed with NDI-diBr 
(43.6 mg, 5eq) first, reacted for 2 hours following PNDIT2 polymerization 
conditions, before remaining T2-stannane was added (24 mg, 4.9eq) and 
stirred for another 12 hours. Product was collected by normal precipitation and 
filtration methods with additional sodium diethyldithiocarbamate aq. solution 
wash. GPC (THF, PS standard) MP: 12.5K. 1H NMR (CDCl3, 300MHz) δ: 
8.99 (s, 2H), 7.37 (s, 2H), 6.98 (s, 6H), 4.23 (bs, 4H), 2.80 (t, 10H), 2.35 (s, 
2H), 1.70 (m, 12H), 1.36 (m, 120H), 0.91 (t, 36H). 
3.2.3 Characterization and device fabrication of polymer blend 
films 
P3HT was obtained from Sigma-Aldrich. PNDIT2 was purchased from 
Polyera as ActivInk® N2200. All solvents were purchased from Sigma-
Aldrich and used without further drying.  
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AFM thin film samples were spun from chlorobenzene solution of polymers 
with different concentrations (15 mg/ml for 100 nm thick films) onto clean 
silicon substrates. AFM images were collected with tapping mode. 
SEM measurements were directly performed on AFM samples, either used 
directly or coated with platinum before viewing with JOEL® JSM6701F 
FESEM. 
TEM samples were prepared as follows: silicon substrates were washed in 
acetone/IPA, followed by oxygen plasma cleaning. A thin layer of 
polystyrene-sulfonate (PSS) solution in water was spun on the substrates at 
2000 rpm/40 s to generate a thin layer of 50 nm. This film was annealed at 
150°C for 10 minutes to dry the film, and polymer solution in chlorobenzene 
with various component ratios were spun on top of the PSS film before 
annealed at 150°C for 10 minutes. The polymer film on top of substrate was 
cut into 3 mm × 3mm squares to expose the PSS layer, and the substrate was 
immersed in Millipore® water to lift the film off. The edge of the substrate 
was tapped gently to facilitate film lift off. The small polymer film squares 
were picked up by metal loops and placed on top of TEM copper/holey carbon 
supported film grids, and dried under vacuum for at least 30 minutes before 
imaged by Philip® CM300 FEG TEM. 
OPV devices were fabricated on ITO/glass substrates. The substrates were 
cleaned by Standard clean (SC) 1 solution (NH4: H2O2: H2O 5:20:100) at 50ºC 
for 30 minutes. Poly (3,4-ethylenedioxythiophene): poly(styrene-sulfonic acid) 
(PEDOT:PSSH) solution was spun on to the substrate (45nm thick) and the 
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substrates were then transferred into N2-filled glove box and annealed at 
150°C for 10 minutes. The active layer was then spun on top of PEDOT:PSSH 
layer and further annealed at 150°C for 10 minutes. 30-nm calcium capped 
with 200 nm aluminium was shadow-evaporated as electrodes. Devices were 
then measured under dark and light (AM 1.5G) conditions. 
Unipolar diodes were made on ITO/glass substrates similarly as above. 
PEDOT:PSSH or PEDOT:PSSCs thin films were spun on to cleaned 
ITO/glass substrates and transferred into glove box. The substrates were 
annealed at 150°C for 10 minutes, polymer layer was spun on top of 
PEDOT:PSSx (x=H or Cs) layer with varying thicknesses from 50 nm to 160 
nm. Metal electrodes (Ag or Ca/Al) were shadow-evaporated. For p-type 
mobility measurements, PEDOT:PSSH (45 nm) with 120 nm Ag electrodes 
were used. For n-type mobility measurements, PEDOT:PSSCs (45 nm) with 
30 nm Ca/ 200 nm Al electrodes were used instead. 
X-ray photoemission spectroscopy (XPS). Silicon substrates were cleaned by 
acetone, IPA and oxygen plasma. Thin films were spun on to cleaned 
substrates and annealed at 150°C for 10 minutes, before fixed onto sample 
holder and grounded.  XPS was performed using Mg Kα X-rays (1253.6 eV) 
on a VG ESCALab Mk-II spectrometer at 30° and 90° acceptance angles (with 
respect to the analyzer).   
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3.3 Results and Discussion 
3.3.1 Modeling and design of multi-block polymer/oligomers 
In this work, Modified Neglect of Diatomic Overlap – Parameterization 
Method 3 (MNDO-PM3)
54
 method was used to calculate the electronic 
behaviors of the diblock polymers to be synthesized. In comparison with more 
popular ab-initio density-function theory (DFT) methods, semi-empirical PM3 
results were found to be in good agreement with DFT results, and the fast 
speed of PM3 methods as the main advantage make it more suitable for 
screening purposes.  
Target of computational simulation is two-fold: firstly, to determine minimal 
diblock lengths required for energy-level self-consistency; secondly, to check 
whether sufficient overlap of wavefunctions between blocks at excited states 
exists, which was considered to be critical for efficient charge transport. 
Geometrical optimization of polymers  
P3HT and PNDIT2 polymers were simulated first to ensure energy level 
calculations can be performed correctly by checking against theoretical values. 
For this purpose, Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) was also included to check 
realibility of the calculations.  
Firstly, individual monomers - 3-methylthiophene (3MT), carbazole-dithenyl--
benzothiadiazole (Cz-DTBT) and naphthalene diimide-bithiophene (NDIT2), 
shown in Figure3.14 - were geometrically optimized as basis for polymer 
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modeling. Side chains were all replaced by methyl groups to simplify 
calculations as they only contribute to the solubilizing and packing effects. 
Monomers with optimized geometry were then connected together in 
alternating fashion to form dimers, trimers and larger oligomers as 
approximations to achieve self-consistent values of energy levels, while 
maintaining the overall linearity of the molecule. The end point is reached 















Figure 3.14: structures of computational simulated molecules: a) 3-
methylthiophene (3MT); b) carbazole-di-thiophene-benzothiadiazole (Cz-
DTBT); c) naphthalene diimide-bithiophene (NDIT2). 
 
The results from simulations are summarized in Table 3.1, together with 
comparison with literature reported values. Good achievements between 
simulated and reported values were achieved, after gas-phase values were 




Table 3.1: Calculated energy levels of oligomer segments, showing 
HOMO/LUMO values. For corrected values, corrections are done to MO 
energies of longest segments showing stabilization. 








1 3 4 5   
 5.97/2.99 5.85/3.08 5.90/3.06 5.90/3.06 5.2/3.8 5.1/3.2 
3MT 2 4 5 6   
 6.30/1.84 5.97/2.34 5.96/2.46 5.88/2.51 5.2/3.2 4.7/2.8 
NDIT2 1 2 3 4   
 6.82/3.16 6.55/3.31 6.53/3.38 6.53/3.41 5.8/4.1 5.4/3.9 
 
Simulation of di- and tri-block oligomers 
Based on above results, electron-withdrawing Cz-DTBT and NDIT2 reached 
self-consistency with 4 repeat units, while electron-rich 3MT stabilized after 6 
repeat units. These oligomer segments were joined together to evaluate 
distribution of HOMO/LUMO wave functions: a block of 6 units of 3MT was 
joined to a block with 2 units of NDI-T2. Instead of 4 units of NDIT2, due to 
limitations in computational capacity 2 units was the maximum allowed; 
which nevertheless is energetically very close to the 4 unit segments, error 
introduced would be minimal. 
With above considerations, an oligomer containing 6 MT and 2 NDIT2 
repeating units, termed 6T-2(NDIT2), was calculated. HOMO and LUMO 
wavefunctions together with those lower (in LUMO case, higher) energy MOs 
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are plotted in Figure 3.15. While LUMO of the molecule is completely 
restricted to 2(NDIT2) segment, the HOMO extends from 6T segment into the 
2(NDIT2) segment at the bithiophene unit. At higher energy levels of 
LUMO+2 and HOMO-1 (LUMO+1 is degenerate with LUMO with similar 
shapes), wavefunctions become extended over the entire molecule. The 
extended wavefunctions of excited states suggests charge carriers formed as a 
result of photo-excitation will be delocalized, and efficiently separated, 
effectively suppressing charge carrier recombination. 
 
Figure 3.15: Plot of MO wavefunctions of 6T-2(NDIT2). The arrow shows the 
transition from 6T block to 2(NDIT2) block.  
 
Therefore, the following structure shown in Figure 3.16 was proposed as 
target block. Block lengths, m (for P3HT) and n (for NDIT2) were chosen to 
be 20 and 3, respectively: P3HT length of 20 was chosen arbitrarily to ensure 
sufficient embedding into P3HT polymer rich regions; NDIT2 length was 















Figure 3.16: Designed structure of diblock, P3HT-b-PNDIT2.  
 
3.3.2 Synthesis of P3HT-PNDIT2 diblock polymers/oligomers 
Synthesis of polymeric components 
Limited by the available synthesis of PNDIT2 as step-wise polymerization, a 
step-growth like methodology must be used to synthesize the diblock (see 
Figure 3.17). P3HT and PNDIT2 blocks were synthesized first to establish 
control needed on polymer chain lengths, which is crucial in the construction 










































P3HT synthesis was carried out following literature methods
42
 with slight 
modifications; the entire process was transferred into nitrogen glove box. 
Kinetics for P3HT monomer generation under glove-box condition was 
established that 40°C for 4 hours will give the optimal conversion of about 
85% by 
1
H NMR; longer reaction time will cause rupture of the thiophene ring 
seen in 
1
H NMR spectra as loss of aromatic peaks. Generation of region-
isomer, 2-magnesium chloride -5-bromo-3-hexyl thiophene was also observed, 
as reported by McCullough et al.
42
, this isomer is kinetically disfavored to 
participate in the polymerization. 
The polymerization was attempted with 5mol% catalyst added to target 20 
repeat unit per polymer chain, based on the ratio of monomer: initiator = 20:1. 
Two different batches of P3HT were synthesized, with number average 
molecular weight (Mn) of 4 kDa and 6 kDa respectively, measured by THF 
GPC against polystyrene standards (see Appendix). These numbers were 
within the range of 20~30 repeat units targeted and polymers generated were 
used for subsequent experiments. 





 that PNDIT2 product molecular weight can be controlled by 
adjusting feed ratio; the test results are summarized in Table 3.2. These results 
generally follow the Carother's equation
39
, showing good control of 
polymerization process. Deviation from overall trend in reaction No.4 was 
attributed to impurities present and was corrected by additional 
recrystallization prior to subsequent polymerization reactions. 
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 Table 3.2: Molecular weight control of PNDIT2 polymerization by feed ratio 
Reaction No. Feed ratio (T2:NDI) Mn/ kDa PDI 
1 1:1 33.2 2.43 
2 1:1.055 20.4 3.19 
3 1:1.115 20.2 3.36 
4 1:1.2 33.9 3.03 
 
Assembly of diblock polymers 
The general strategy for synthesis of P3HT-b-PNDIT2 was growth of second 
block on to pre-synthesized P3HT segments (Figure 3.17). Two different 





3.18A, B): method A is a three-component, one-pot reaction in which all three 
components were mixed together with the ratio NDI-diBr:T2-stannane:P3HT 
= 1:0.9:0.1, and polymerized; method B is to synthesize PNDIT2 segment 
with excess (1.1 equivalent) T2-stannane to ensure the segments were capped 
with stannane groups, which would then react completely with 10% P3HT 
segments introduced as macro-end-caps. 
However, using methods A and B, both reactions failed to generate the desired 
diblock product. GPC histogram of the product obtained showed two distinct 
uninodal peaks with one of them at exactly same positions as starting P3HT 
segments, indicating failure of attaching any NDI units onto P3HT segments. 
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These two experiments pointed out the high selectivity of Stille coupling of 
NDI-diBr monomers towards T2-stannane monomers, which can only be 
addressed by modifying the terminal groups of P3HT. 
Method C was devised that P3HT was firstly reacted with 1 equivalent (0.1 
equivalents with respect to NDI monomer) of T2-stannane, followed by 
addition of 1 equivalent of NDI-diBr monomer and reaction was continued for 
24 hours. GPC results showed an increase in molecular weight of 1000, that of 
one NDIT2 unit (see Appendix); attachment had taken place but reaction pre-
maturely terminated exactly after one cycle.  
 
 
Figure 3.18:  Schemes of three different strategies proposed: A) one-pot 
reaction of P3HT with two monomers; B) synthesis of PNDIT2 segment with 
excess T2-stannane to generate stannyl-terminated PNDIT2 segments 
followed by coupling with P3HT; C) P3HT terminal modification with T2 




To find out the cause for pre-mature termination, reaction residue from 
methanol precipitation was analyzed by 
1
H NMR. Peaks from all monomers 
were identified, but trimethyltin peak at 0.4ppm was absent, which should 
otherwise be present as reaction was largely incomplete. The loss of stannyl 
group was further confirmed by testing T2-stannane monomer under 
polymerization conditions; stannyl group was stable towards thermal 
conditions for at least 12 hours but degraded in the presence of the catalyst 
within 3 hours. This confirmed the loss of stannyl group as main reason for 
failure. 
This problem was solved by carrying out the reaction in two steps to minimize 
stannane exposure to catalysts. P3HT was firstly reacted with T2-stannane, 
and product precipitated and collected. By monitoring the reaction over time, 
conditions were optimized to 90°C, 2 hours in toluene, with ~20% terminals 
successfully attached with T2-stannane; this percentage was evaluated from 
1
H NMR P3HT terminal proton to stannyl group proton ratios. Polymerization 
was then carried out with NDI-diBr monomer and terminal-modified P3HT 
introduced first, additional T2-stannane was then added, taking monomer 
imbalance into consideration to generate desired chain length, and end-capped 
with 2-bromothiophene before terminating the reaction. Dark brown to black 
solids were obtained as final product.  
Product characterization 
Diblock oligomers generated by above method was collected by precipitating 
in methanol and analyzed by GPC. Peak molecular weight (MP) reported by 
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GPC (see Appendix) suggested successful attachment of PNDI blocks onto 
P3HT chains shown by complete disappearance of P3HT peaks (see Table 
3.3). Due to overly broad GPC histogram, as complicated by co-presence of 
other segments, values of number- and weight-average molecular weights (Mn 
and Mw) could not be successfully obtained. Product was further washed with 
aqueous sodium diethyldithiocarbamate solutions to remove residual 
palladium impurities. Among the four batches synthesized, diblock 2 showed 
preferred characteristics: based on molecular weights of single thiophene and 
NDIT2, diblock 2 contains 20 repeat units of thiophene and 3 units of NDI as 
designed. 
1
H NMR spectra of diblock 2 showed exact overlap of P3HT and 
PNDIT2 spectra; the integral ratios are in agreement with the repeat unit 
numbers obtained from GPC results. 
Table 3.3: P3HT-b-PNDIT2 oligomers generated, characterized by MP; Mn and 
Mw could not be obtained due to wide distribution range. 
Batch 1: 
P3HT MP 9.4kDa 
Diblock 1: MP 11.4 kDa 
Diblock 2: MP 12.5 kDa 
Batch 2: 
P3HT MP 5.6kDa 
Diblock 3: MP 11.0 kDa 
Diblock 4: MP 13.1kDa 
 
It is noted that the product obtained would contain impurities mostly in the 
form of free PNDIT2 segments and tri-block oligomers that two P3HT was 
added onto one PNDIT2 segments, an inevitable result from uncontrollable 
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step-growth Stille polymerization reactions. Free P3HT segment peaks were 
not found in GPC histogram and therefore its consumption was largely 
complete; though small peaks may be buried under the larger diblock GPC 
peaks, but the remaining P3HT, if any, would be insignificantly little. We 
concluded that tri-block impurity will not be detrimental as it will be able to 
fold and embed at the interface without significantly interrupting the 
morphology. Free PNDIT2 segments on the other hands can be accommodated 
easily by adjusting the P3HT:PNDIT2 ratio in the polymer blend solutions. 
Overall, the diblock generated is concluded as good to use in OPV device 
applications. 
 
3.3.3 Film characterization and morphology analysis 
Due to short chain lengths, diblock oligomer (hereafter referred to as diblock) 
film-formation was poor in chlorobenzene (CB) solution. When the diblock 
was mixed in P3HT:PNDIT2 blend in CB solution, film thickness was not 
affected by the presence of diblock up to 50% w/w, showing full dispersion of 
the diblock into the polymer mixtures. 
In a thin film with homogeneous thickness, to obtain domain sizes of L nm, 
assuming square shapes for simplicity, with interface of d nm wide (fully 
extended diblock length), volumetric ratio of polymer to diblock is given by: 
Vdiblock: Vpolymer=  
 
  
           
 
 
        .................................... (3.5) 
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Assuming the interface is comprised by equal amount of polymers and 
diblock, since full dispersion of diblocks into polymer was observed. Further, 
assuming similar densities of P3HT, PNDIT2 and diblock, the volumetric ratio 
equals the mass ratio. Therefore, to obtain domain sizes of 20nm with 
interface width of 5 nm (length of the extended diblock), 50% w/w of diblock 
is required. Similar ratio is obtained by assuming hexagonal shaped domains. 
This weight ratio is used subsequently in film morphology studies. 
Ultraviolet–visible (UV-vis) spectroscopy 
UV-vis spectrum of the chloroform solution of diblock (Figure 3.19a) showed 
two peaks centered at 450 nm and 600 nm respectively, which confirmed the 
co-presence of P3HT and PNDIT2 in the diblock. These peaks were also 
observed in thin film UV-vis spectrum obtained by spinning the diblock from 
a polystyrene mixed CB solution at 50% weight ratio (Figure 3.19b). These 
peaks are at identical positions reported for P3HT and PNDIT2 thin films
20
 
except the 610 nm should peak is absent, a characteristic of long P3HT chains. 
This confirmed our earlier conclusions from simulations that self-consistent 
energy levels can be achieved in relatively short oligomers. 
Absorption spectra of the ternary blend thin films showed no changes in peak 
positions with different amount of diblock added (Figure 3.19c). Annealing 
50% w/w diblock ternary blend at 100°C/150°C/200°C for 10 minutes in N2 
glovebox did not result in any significant change in the spectra as well (Figure 
3.19d). Therefore, photon absorption behavior of the photoactive layer is not 




Figure 3.19: a) UV-vis of diblock in CB solution; b) diblock embedded in 
polystyrene thin films (40nm); c) thin film UV-vis of ternary blend at different 
diblock content; d) thin film UV-vis of 50% w/w ternary blend with diblock 
annealed at different temperatures.  
Film morphology observation by atomic-force microscopy and electron 
microscopy 
Thin films of P3HT-PNDIT2 1:1 w/w with diblock blend (ternary blend) and 
P3HT-PDNIT2 1:1 w/w ratio blend (binary blend) were further analyzed by 
both atomic-force microscopy (AFM) and electron microscopic (EM) methods 
to study the polymer film morphology and domain formation in the presence 
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AFM image of 100 nm thick film spun from binary blend shows very large 
domains about 1 μm in size (Figure 3.20a). The 50% w/w ternary blend 
showed a smaller domain size of 0.5 μm. Thicker films of about 200 nm 
showed similar features. AFM results thus confirmed coarse aggregation of 
P3HT-PNDIT2 films as reported in literature
20, 22
; presence of diblock is able 
to minimize the domain sizes to 500 nm length scales. The domain sizes 
obtained here is much larger than estimated values of 25 nm (20 nm domain 
and 5 nm thick interfaces), with 50% w/w ternary blend using equation 3.5. 
the distance from domain center to domain center, in 50% w/w ternary blend 
films is 500 nm. Therefore, the diblock did not distribute exclusively at the 
domain interface, with considerable fraction of diblock added mixed within 




Figure 3.20: Box 1: topography AFM image of 100 nm thick polymer films. a) 
binary blend, b) 50% w/w ternary blend. Scale bar is 500nm, height bar is 50 
nm. Box 2: SEM image of c) binary and d) 50% w/w ternary films at 100 nm, 
scale bar is 100nm. Box 3: HAADF-TEM images of e) binary 80 nm thick 
film, f) 50% diblock 80 nm thick film, , g) 50% w/w ternary blend, 100 nm 















Polymer films coated with thin platinum layer under SEM showed features 
significantly different from AFM images (Figure 3.20c, d). Domains of dark 
and bright regions were observed for both binary and 50% w/w ternary blends, 
but the sizes are considerably smaller than observed from AFM images: 
100nm in binary blend, and 50nm in ternary blend. 
The disagreement between AFM and SEM results are solved by HAADF-
TEM images (Figure 3.20e, f, g, h) of binary and ternary thin films, which 
showed two order of phase separation. In binary blend films, domains of 1μm 
in length with sub-domains of 100 nm in length are observed (Figure 3.20e). 
In 50% ternary blend films, observed features show 100 nm size domains 
containing 20~50 nm size sub-domains. This two-order phase separation 
produced by the addition of diblock is retained in thicker films, up to 100 nm 
thick (Figure 3.20g). When diblock content changed from 50% w/w to 30% 
w/w, sub-domains slightly coarsened to 50~80 nm, demonstrating a strong 
correlation between domain/sub-domains sizes and diblock content in the 
ternary blend (Figure 3.20h). Overall, HAADF-TEM images showed the 
presence of sub-domains within larger-sized domains in P3HT-PNDIT2 films, 
previously not directly observed. The sub-domain sizes of 20-50 nm with 50% 
w/w diblock added correlates well with our estimated sizes of 30 nm, which 
suggests diblocks are distributed at interfaces of these sub-domains. 
To clearly identify the dark and bright regions observed under TEM, energy-
dispersive X-ray spectroscopy (EDX) was performed on thin films of 50% 
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w/w ternary blend to measure S:O peak intensity ratios (Figure 3.21). 
Reference P3HT films showed S:O intensity ratio of 10:1, , and reference 
PNDIT2 films showed S:O intensity ratio of 1:1(see appendix). The elemental 






    
  
  
 ........................................................................................ (3.6) 
Where IS, CS and IO, CO are signal intensity and sample concentration of 
sulphur and oxygen, respectively; kSO is the Cliff-Lorimer factor. P3HT and 
PNDIT2 polymers have theoretical S:O elemental ratios of 1:0 and 1:2 
respectively, based on monomer unit atom counts.  the Cliff-Lorimer factor 
kOS was therefore determined to be 0.5, noting the small oxygen intensity 
detected in P3HT is likely due to experimental error (which is close to 
background noise level). Based on these references, polymer ratio can be 
extracted from measurements on blend films. In the area analyzed shown in 
Figure 3.21, dark domain (spot 1) showed S:O intensity ratio estimated to 3:1, 
which gives a S:O elemental ratio of 3:2. This then gives the P3HT:PNDIT2 
ratio of 2:1, rich in P3HT. The light domain (spot 2) showed S:O intensity 
ratio of 1.5:1, which gives a S:O elemental ratio of 3:4, and P3HT:PNDIT2 
ratio of 1:2, hence rich in PNDIT2 .Based on these ratios, the dark and light 
regions seen in HAADF-STEM are assigned as P3HT-rich and PNDIT2 rich 
phases, respectively. Clearly these ratios do not correlate with composition of 
single sub-domains, since TEM "sees through" the sample, vertical variations 
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in composition also affects the observed ratios, and further variations in 
intensities are clearly visible in Figure 3.21.  
 
Figure 3.21: TEM-EDX analysis of films: a) HAADF-TEM image of area of 
analysis; b) point analysis at dark (point 1), and c) bright (point 2) regions. 
Point 1 appears bright due to electron beam damages after analysis. 
 
Photoluminescence (PL) measurements were conducted on polymer binary 
blend and 50% w/w ternary blend thin films; due to low PL efficiency of 
P3HT, both films showed good quenching behavior (see appendix), 







In summary, various characterization techniques applied point to the existence 
of two-order phase separation, that a 50~100 nm sub-domains are present 
within the larger, 1 μm domains in binary blend films. Presence of 50% 
diblock in the ternary blend has been shown to refine the sub-domain to 20~50 
nm while refining domains to 100 nm simultaneously, as evidenced by TEM 
observations and supported by SEM and AFM methods. Therefore, 
introduction of diblocks into polymer-polymer blend is indeed a powerful 
method for morphological control. 
3.3.4 Photovoltaic performance of polymer-oligomer ternary blend 
solar cells 
OPV device optimization 
While 50% diblock in the polymer blend demonstrated good control on film 
morphology, the device performance was poor (see appendix). Therefore, the 
diblock content and annealing temperature was optimized by varying the 
diblock contents at 5%, 10%, 15% w/w diblock  added into ternary blend,  and 
the films were annealed at 120°C, and 180°C respectively prior to electrode 
evaporation. 
The J-V characteristics of the cells measured under AM 1.5 illumination in a 
N2 chamber were shown in Figure 3.22 and device characteristics summarized 
in Table 3.4. VOC for different devices were similar, while FF was generally 





Figure 3.22: J-V characteristics for ternary blend OPV device optimization on 
diblock content and annealing temperature. Devices measured under AM 1.5. 
 
Table 3.4: OPV devices characteristics for varied diblock content and 
annealing temperature.  
 
Overall, control devices with no diblock added showed better performance in 
terms of higher JSC than other devices; addition of diblock resulted in overall 




















0.49 0.68 0.59 0.20 5%, 
120°C 
0.48 0.50 0.58 0.14 
10%, 
120°C 
0.46 0.52 0.55 0.13 15%, 
120°C 
0.49 0.44 0.57 0.12 
0%, 
180°C 
0.47 0.70 0.58 0.20 5%, 
180°C 
0.46 0.57 0.58 0.15 
10%, 
180°C 
0.45 0.50 0.57 0.13 15%, 
180°C 







































J-V characteristics from above set of OPV devices suggested inferior charge 
transport in the presence of the diblock as evidenced by the low JSC of ternary 
blend devices. This could be due to either charge trapping by the diblock, or 
formation of unwanted film morphologies. In this light, SCLC measurements 
were performed to evaluate charge transport characteristics of blend films. 
Diode devices with P3HT, PNDIT2, and 5% w/w ternary blend films were 
constructed with selected electrodes: for p-type diode, PEDT:PSSH with Ag 
was used as anode and cathode respectively. For n-type, PEDT:PSSCs with 
Ca/Al was used as anode and cathode instead. These choices are to ensure 
unipolar transport within active layer.  
The J-V curves are shown in Figure 3.23, which showed good agreement with 
SCLC theory obeying a 2
nd
 order polynomial fitting. Charge mobility values 
were extracted in each case by the 2nd order polynomial fitting; the results are 
summarized in Table 3.5. In general, SCLC mobility values extracted from 




Figure 3.23: J-V plot for SCLC measurements. Left: p-type transport of P3HT 
and ternary blend; right: n-type transport of PNDIT2 and ternary blend. 
 
Diodes made from 5% w/w diblock showed good p-type transport properties 
similar to that of P3HT, but n-type transport is poor with mobility values one 
order of magnitude lower than that of PNDIT2. 
Two hypothesis have been proposed to account for this: the diblock added is 
acting as charge carrier traps, in this case, electron traps; or the aggregation of 
polymers at incorrect electrodes, such as aggregation of P3HT, p-type 
material, at electron-collecting metal electrodes.  The possibility of polymer 
























































Table 3.5: SCLC charge mobility for thin films estimated at 100 nm.  































X-ray photoemission spectroscopy 
To address the possibility of polymer aggregation at undesired electrodes, X-
ray photoemission spectroscopy (XPS) was performed on binary and 5% w/w 
ternary blend thin films spun on silicon substrates, to collect X-ray 
photoelectron spectra of S 2p, O 1s, C 1s, and N 1s core levels. All collected 
spectra were corrected with linear background (see appendix). The spectra 
were then integrated and corrected with empirical sensitivity factors to obtain 
elemental ratios; these ratios were normalized with C 1s counts in order to 
minimize percentage errors. Elemental ratios extracted are summarized in 






Table 3.6: Elemental ratios of ternary and binary polymer blend thin films by 
XPS. Ratios are listed as P3HT: PNDIT2. 










S 2p ratio 2.80 2.25 2 6.2 2.58 
O 1s ratio 4.94 3.88 4 0 3.44 
C 1s ratio 62 62 62 62 62 
N 1s ratio 1.53 1.84 2 0 1.72 
P3HT:PNDIT2  0.6:0.4 0.3:0.7 -  - 
 
Ratios of P3HT: PNDIT2 monomer units are established by comparing with 
theoretical values; for binary blend, the ratio is 0.3:0.7, while in ternary blend 
the ratio is 0.6:0.4. Measured oxygen content is high for ternary blend, which 
is attributed to experimental errors. The monomer unit ratio obtained is 
converted to volume ratios by multiplying molar mass of units (168 for P3HT, 
855 for PNDIT2) to get the mass ratio, and divided by density of polymers, 
assuming to be similar in this case. Therefore, the volume ratios obtained are 
0.07:0.93 for binary blend, and 0.2:0.8 for 5% ternary blend. 
102 
 
As XPS effectively measures the top surfaces, the volume ratios obtained 
indicate the top surface of binary blend thin film is almost exclusively 
PNDIT2, in agreement with literature
22
. This aggregation is favourable for 
electron transport to the metal electrodes. 5% w/w ternary blend film on the 
other hand shows greater amount of P3HT on the top surface, nevertheless the 
top surface of ternary blend film is still dominated by PNDIT2 and impact on 
electron transport should be minimal. Further, ability of the diblock to enhance 
P3HT:PNDIT2 inter-mixing is demonstrated by the more homogeneous top 
surface composition of ternary blend films. 
This however clearly indicated that electron-trapping properties of the diblock 
is the root cause for the low current output observed in test devices; whether 
this electron trapping phenomenon is the result of  impurities present or short 
oligomer chains being not able to conduct electrons efficiently cannot be 





In this chapter, a diblock oligomer consisting P3HT and PNDIT2 blocks was 
designed with computational methods, and was successfully synthesized by 
modifying the end-group of P3HT segment followed by Stille 
polycondensation with controlled, stepwise addition of monomer ingredients. 
Application of the diblock oligomer in polymer blend successfully generated 
controlled sub-domains of 20-50 nm in length within the bigger-sized 100 nm 
domains, confirmed by a combination of AFM, SEM and TEM methods. 
Further, the presence of sub-domains in P3HT:PNDIT2 films within bigger 
domains was directly observed by HAADF-TEM. Application of diblock in 
OPV devices met. Device application on the other hand was not very 
successful, due to electron trapping problems associated with the addition of 
diblock oligomers. 
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Chapter 4.  Stability study of diketo-
pyrrolopyrrole copolymer films in organic field-
effect transistors (OFETs)  
 
Summary 
Two 1,4-diketopyrrolo[3,4-c]-pyrrole (DPP) based co-polymers with 
thiophene (T) and thieno[3,2-b]thiophene (TT), namely DPPT2-co-T and 
DPPT2-co-TT were successfully synthesized using both conventional and 
microwave-assisted Stille polymerization, with good molecular weight control 
achieved by combined temperature and catalyst control. Field-effect mobilities 
(μFET) of 0.4-0.5 cm
2
/Vs were achieved for these polymers. Ambient stability 
of these two polymers was studied and they showed very good stability 
towards moisture, oxygen and thermal treatment, only showing degradation as 
significant drop in μFET under prolonged sunlight treatment in ambient 
conditions. The reason for performance degradation was studied by infra-red 





1,4-diketopyrrolo[3,4-c]-pyrrole, or diketopyrrolopyrrole (DPP) based 
copolymers become popular in recent years due to their excellent p, n, or 
ambipolar transport capabilities. Up to date, a large family of DPP copolymers 
have been studied in literature
1, 2
, with both electron and hole mobilities 








2,5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione), (PDBT-co-T) and poly(2,5-
bis(2-octyldodecyl)-3-(5-(thieno[3,2-b]thiophen-2,5-yl)thiophen-2-yl)-6-
(thiophen-2,5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (PDBT-co-TT)  
polymers are most studied. PDBT-co-T and PDBT-co-TT were first reported 
by Bijleveld et al.
5
 and Li et al.
6
 respectively (see Figure 4.1). Attached with 
long alkyl side chains, both polymers were highly soluble in organic solvents 
such as toluene and chlorobenzene. Electron and hole mobility for PDBT-co-T 
was reported by Lee et al.
7
 as 1.5 cm
2
/Vs and 0.18 cm
2
/Vs;  Chen et al.
8
  
reported a more symmetrical electron and hole ambipolar transport for PDBT-
co-TT of 1 cm
2
/Vs. These two polymers were very similar in terms of 
molecular structure and frontier molecular orbital (FMO) energy levels, while 
other parameters such as molecular weight can be controlled experimentally, 
making them ideal for performance comparison.  
Organic semiconductor materials generally are susceptible to oxidation; while 
encapsulation with passive layer can protect the organic semiconductors from 
oxygen, photon-induced degradation may still occur as polymers are typically 
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ultra-violet (UV) light sensitive as well. Nevertheless, development of ambient 
stable semiconducting polymers will greatly increase their area of application 
and significantly reduce manufacturing cost. Reports on ambient stability 
studies of organic semiconductors are scarce. Few examples include Ashizawa 
et al.
9
 reported stability studies of thiophene based small molecule FETs 
comparing different regioisomers with different side chains up to 30 days; side 
chain length was found important for ambient stability in these thiophene 
derivatives. Lei et al.
10
 reported stable devices fabricated "in ambient" based 
on isoindigo co-polymers displaying comparable results comparing with 
devices fabricated under inert conditions; however it was not a full test for 





2,5-diyl} (DPPT2-co-TT)  based thin film transistors; the polymer was shown 
to have relatively good shelf life, showing only 10% drop in mobility over 56 
weeks under ambient environment; the root cause for the drop in mobility was 
not identified however.   






, and poly(bithiophene-co-thienothiophene) 
(PBTTT)
14, 15
 have been studied for bias stress stability. Many factors, such as 
various charge traps, doping in the dielectric layer, interaction with oxygen,  
have been identified
16
 as contributing to the performance degradation, usually 
manifest as shifts in threshold voltage (bias effect).  
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Therefore further stability studies of high ambipolar mobility DPP copolymers 
under harsher conditions such as under sunlight and/or thermal heating and 
also under bias stress are in need. These stability studies are important to 
determine the long-term stability and reliability of organic FETs which is one 
of the key requirements for industrial applications
17
. 
In this chapter, we synthesized  poly{2,2'-[(2,5-bis(2-octyldodecyl)-3,6-dioxo-
2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4 -diyl)dithiophene]-5,5'-diyl-alt-
thiophen-2,5-diyl} (DPPT2-co-T) and poly(2,5-bis(2-octyldodecyl)-3-(5-
(thieno[3,2-b]thiophen-2,5-yl)thiophen-2-yl)-6-(thiophen-2,5-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione) (DPPT2-co-TT) for comparative studies based on 
their similar electronic properties addressed earlier. 
 
Figure 4.1: Structure of DPPT2-co-T (1) and DPPT2-co-TT (2) polymers; 
PDBT-co-T has 2-hexyldecyl as side chains. PDBT-co-TT has same structure 
as DPPT2-co-TT. 
 
The synthesized DPP-copolymers were tested with field-effect transistors to 
characterize their charge transport performance, studying its relationship with 
the Soxhlet synthesis step and more importantly the material property such as 







C 8 H 1 7
C 1 0 H 2 1
C 8 H 1 7




















Based on the results, selected representative high performance FET devices 
were used to proceed with the stability study, during which the devices were 
subjected to a series of exposure steps to air under dark also sunlight 
conditions. The device degradation was monitored by I−V characteristics 









4.2.1 Material synthesis 
This section describes the synthesis routes of diketopyrrolopyrrole-
bithiophene (DPPT2), thieno[3,2-b]thiophene (TT), thiophene (T) monomers 
and DPP-co-T/TT polymers, followed by discussion on considerations and key 
parameters in synthesis together with related results. 
All purchased chemicals were used directly as received without further 
purification. Tetrahydrofuran (THF) was distilled over sodium/benzophenone 
mixture. Toluene was distilled over calcium hydride. All experiments were 
carried out under inert gas conditions. 
1
H NMR was performed on Bruker® 
Avance 300 spectrometer.  
Diketopyrrolopyrrole-bithiophene (DPPT2) monomer 
 
Figure 4.2 Reaction scheme of diketopyrrolopyrrole-bithiophene (DPPT2)  
monomer.  
 
2, 5-dihydro-1, 4-dioxo-3, 6-dithienyl pyrrolo [3, 4-c]-pyrrole (6). Fine pieces 










































into 100 ml t-amyl alcohol. The mixture was stirred vigorously for 2 hours 
when heated at 105°C until the sodium totally disappeared. With continuous 
stirring, the solution was cooled down to 85°C and 2-thiophenecarbonitrile 
(22.0 g, 0.2 mol) was added inside. Subsequently, 10ml tert-amyl alcohol 
solution with diisopropyl succinate (16.2 g, 0.08 mol) was added in dropwise 
oven one hour. The reaction mixture was stirred at 85°C for another 12 hours 
before it was cooled down to 50°C and diluted with 50 ml methanol. Then it 
was slowly neutralized with 30 ml glacial acetic acid and refluxed briefly. 
After filtration, the solid was washed several times with hot methanol and 
water, and then dried under vacuum at 50°C. Dark red powder was obtained 
(21.0 g, 87%) and was directly used for subsequent reaction. 
1
H-NMR 
(DMSO-d6, 300 MHz) δ 11.40 (2H, s) 8.31 (2H, d), 7.94 (2H, dd), 7.29 (2H, 
d). 
N,N‟-bis(2-octy1-1-dodecyl)-3,6-dithienyl-1,4-diketopyrrolo[3,4-c]pyrrole 
(7). 2,5-dihydro-1,4-dioxo-3,6-dithienylpyrrolo[3,4-c]-pyrrole 6 (1.75 g, 5.82 
mmol) and K2CO3 (2.24 g, 17.48 mmol) were dissolved into 65 ml DMF and 
the solution was heated at 120°C for one hour while stirring under argon 
environment. Then 2-Octyl-1-dodecylbromide (6.32 g, 17.48 mmol) was 
added dropwise and the mixture was further stirred and heated at 130°C for 12 
hours, before it was cooled down to room temperature, poured into water and 
stirred for another 30 minutes. The final product was obtained by extraction 
with dichloromethane (DCM), then washed with water, dried over MgSO4 to 
remove residual solvents followed by purified with column chromatography 
(hexane:DCM 2:1), as dark red solid (2.29 g, 45%). 
1
H NMR (CDCl3, 300 
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MHz) δ 8.87(d, 2 H) 7.52 (d, 2 H), 7.26 (d, 2 H), 4.00 (d, 4 H), 1.89 (s, 2 H), 
1.13 - 1.45 (m, 64 H), 0.87 (t, 12H).  
3,6-bis-(5-bromo-thiophen-2-yl)-N,N‟-bis(2-octyl-1-dodecyl)-1,4-dioxo-
pyrrolo[3,4-c]pyrrole (3). N,N‟-Bis(2-octyl-1-dodecyl)-3,6-dithienyl-1,4-
diketopyrrolo[3,4-c]pyrrole 7 (2.29 g, 2.65 mmol) and 16 ml chloroform were 
added to a round bottom flask. Then Bromine (0.27 ml, 5.31 mmol) in 6.5 ml 
chloroform was added into the flask at room temperature. The mixture was 
stirred at room temperature overnight, then slowly poured into an aqueous 
solution of sodium thiosulfate and stirred for additional 30 minutes. The final 
product was obtained by extraction with chloroform, then successively 
washing with water, drying over MgSO4 to remove residual solvents and 
purification with column chromatography (hexane:DCM 2:1) multiple times, 
as dark purple solids (1.76 g, 65%). 
1
H NMR (CDCl3, 300 MHz) δ 8.63 (d, 2 
H). 7.22 (d, 2 H), 3.98 (d, 4 H), 1.88 (s, 2 H), 1.32 (m, 64 H), 0.86 (t, 12 H). 
Thieno[3,2-b]thiophene (TT) monomer 
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3-Bromothiophene-2-carbaldehyde (8). 3-Bromothiophene (2.87 ml, 31.0 
mmol) was added dropwise into stirred solution of lithium diisopropylamide 
(LDA, 15.50 ml, 2 M) in THF (56 ml) at 0°C under argon. The mixture was 
further stirred for 30 minutes before adding in N-formylpiperidine (3.44 ml, 
31.0 mmol) and then continuously stirred until completion of reaction 
determined by thin-layer chromatography (TLC).  After that, saturated NH4Cl 
aqueous solution was added in followed by removal of THF by rotary 
evaporation. The final product (4.10 g, 69%) was extracted from the mixture 
with diethyl ether as dark red liquid and directly used in the following 
reaction. 
1
H NMR (CDCl3, 300 MHz) δ 9.99 (1H, d), 7.7 (1H, d), 7.14 (1H, d).  
Ethyl thieno[3,2-b]thiophene-2-carboxylate (9). 3-Bromothiophene-2-
carbaldehyde 8 (4.10 g, 21.3 mmol) was added to a stirred mixture of ethyl 2-
sulfanylacetate (2.33 ml, 21.3 mmol), K2CO3 (3.97g, 28.8 mmol) and DMF 
(40 ml) at room temperature. The new mixture was further stirred for 72 hours 
before it was poured into water. The target material was extracted with 
dichloromethane, wash with water then dried over MgSO4, concentrated under 
reduced pressure, purified with column chromatography (Hexane:DCM 5:1) to 
get final product (2.77 g, 61%) as yellow liquid. 
1
H NMR (CDCl3, 300 MHz) 
δ 7.99 (1 H, s), 7.58 (1 H, d), 7.28 (1 H, d), 4.38 (2 H, q), 1.37 (3 H, t). 
Thieno[3,2-b]thiophene-2-carboxylic acid (10). Ethyl thieno[3,2-b]thiophene-
2-carboxylate 9 (3.67 g, 17.3 mmol), aqueous LiOH (36.3 ml, 1.0 M) and THF 
(37.3 ml) were refluxed together until  disappearance of starting material by 
TLC. Then THF was removed under reduced pressure, and subsequently 
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concentrated hydrochloric acid (3 M in water) was added into the residue until 
its pH value reached 1. The precipitated material was filtered and washed with 
water to give white solid acid (2.46 g, 77%).
1
H NMR (CDCl3, 300 MHz) δ 
8.08 (s, 1H), 7.65 (d, 1H), 7.32 (d, 1H). 
Thieno[3,2-b]thiophene (11). A stirred mixture of thieno[3,2-b]thiophene-2-
carboxylic acid 10 (3.00 g, 16.3 mmol), copper powder (0.65 g) and quinoline 
(23.9 ml, 202 mmol) was refluxed at 170°C for one hour. Then diethyl ether 
was added and copper powder was removed by filtration, followed by removal 
of quinoline washing with 1 M hydrochloric acid. The remaining organic layer 
was dried with MgSO4 , then further dried under reduced pressure to remove 
ether, followed by purification with column chromatography using hexane and 
further purification by recrystallization using methanol and chloroform to get 
final product as colorless crystals (1.35 g, 59%). 
1
H NMR (CDCl3, 300 MHz) 
7.39 (d, 2H), 7.27 (d, 2H).  
5,5-dibromo-thieno[3,2-b]thiophene (12). Thieno[3,2-b]thiophene 11 (0.5 g, 
3.57 mmol) was dissolved in mixture of 25 ml acetic acid and 25 ml 
dichloromethane. NBS (1.4g, 2.2 equiv., 7.84 mmmol), was added and stirred 
with protection from light overnight. The mixture was diluted with 
dichloromethane and washed with water. The organic phase was then dried 
with MgSO4 and purified by column chromatography using hexane:ethyl 
acetate (10:1) to obtain final product as pale yellow solid (0.85g, 80%)/. 
1
H 
NMR (CDCl3, 300MHz) 7.39 (s, 2H).  
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2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene (4). Dry THF (4.7 ml) was 
added into a round bottom flask with thieno[3,2-b]thiophene 11 (0.4334 g, 
3.09 mmol) under argon. The mixture was cooled down to −78°C before n-
butyllithium (3.4 ml, 2 M in hexane) was added in dropwise and subsequently 
stirred for 4 hours. After that trimethyltin chloride (4.4 ml, 2 M in THF) was 
added dropwise into the reaction mixture before it was warmed up to room 
temperature and further stirred for another 20 hours, at the end of which water 
was added.  An organic layer was extracted from the reaction mixture with 
ethyl acetate, followed by washing with water, saturated aqueous sodium 
carbonate solution and brine to get brown solids as crude product after solvent 
removal, which was further purified by recrystallization in ethanol to get off-
white needles (0.30 g, 43%). 
1
H NMR (CDCl3, 300 MHz) δ 7.26 (s, 2H), 0.39 
(t, 18H). 
Thiophene (T) monomer. 
 
Figure 4.4 Reaction scheme of thiophene (T) monomer. 
 
2,5-bis(trimethyltin) thiophene (5). 2,5-dibromothiophene (0.5 g, 0.24 mmol) 
was added into dry THF followed by dropwise addition of n-BuLi (2.28 ml, 2 
M in hexane) at −78°C. After stirring for two hours, trimethyltin chloride (2.5 
ml, 2 M in THF) was added and then the mixture was warmed up to room 
temperature in one hour. The reaction continued for another 16 hours before it 
was quenched by NH4Cl solution. Then THF was removed under reduced 
5
SBr Br
1. BuLi, THF, -78°C, 2h




pressure and the crude product was extracted with ethyl acetate as brown solid 
after removal of residual ethyl acetate. The crude product was recrystallized in 
methanol multiple times to get pale yellow solid as final product (0.4 g, 80%). 
1
H NMR (CDCl3, 300MHz) δ 7.37 (s, 2H), 0.38 (t, 18H). 
DPP copolymers 





; Conventional polymerization was carried 
out following methods outlined by Bijleveld and Li
5-6
. Stille coupling between 
DPPT2 and T or TT monomer was carried out in chlorobenzene or 
toluene/DMF mixture to generate the desired polymer.  
 
Figure 4.5 Reaction scheme of DPPT2-T and DPPT2-TT co-polymers, using 
two different methods and with different end-capping agents.  
 
DPPT2-co-T (1), microwave polymerization: 200mg DPPT2 monomer, 80.6 






























































Conventional: toluene/DMF, 120°C, 24 hrs, Pd(II) catalyst










6mol%) were weighed (1% accuracy) and transferred into reaction vial and 
capped tightly. The vial was argon purged three times before adding in 
anhydrous chlorobenzene. The vial was heated at 100°C for 2 minutes, then at 
140°C for 2 minutes, 170°C for 2 minutes and 180°C for 15 minutes. After 
that the end-capping agents (bromobenzene, 0.1 ml) was added separately and 
the vial was heated at 200°C for 1 minute. After cooling down, the mixture 
was precipitated in methanol, collected with 0.2 μm polytetrafluoroethylene 
(PTFE) membrane filter, re-dissolved in chloroform and washed with 50ml of 
0.1g/ml sodium diethyldithiocarbamate solution, before it was subjected to 
Soxhlet extraction (methanol 12 hours, acetone 12 hours, chloroform 12 
hours). After the extraction, the chloroform fraction was concentrated and 
precipitated in methanol again, which was collected with membrane filter and 
dried under high vacuum to give the final product (162 mg, yield 88%). 
1
H 
NMR (CDCl3, 300MHz) δ: 9.20 (bm, 2H), 7.20 (m, 4H), 4.38 (m, 4H), 1.90-
0.97 (m, 64H), 0.83 (s, 12H). 
DPPT2-co-T (1), conventional polymerization: 200 mg DPPT2 monomer and 
80.6 mg T monomer were weighed (1% accuracy) and transferred into a round 
bottom flask, which was purged with argon for three times. Then freshly 
distilled toluene mixed with DMF (10:1 v:v) were sparged with argon for 30 
minutes then injected into reaction flask to get the concentration of 15 mg 
monomer in 1 ml solvent. The reaction mixture was heated at 115°C till all 
solids were dissolved and then the catalyst (Pd(PPh3)2Cl2, 2 mg, 2 mol%) was 
injected inside the solution after it was weighed, transferred into a small round 
bottom flask, argon purged, dissolved in small amount (typically 2 ml). After 
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that, the mixture was stirred for 24 hours preferably without light before 
adding in 2-bromothiophene (0.1 ml) and further stirred for 1 hour at 115°C. 
Then it was cooled down to room temperature and added dropwise into 
methanol, the volume of which should be at least 10 times of solvent volume. 
The blue precipitate was collected with 0.2 μm PTFE membrane filter, 
dissolved in chloroform, filtered through ~1 cm silica gel bed and flushed with 
chloroform till the eluent no longer appeared blue. The chloroform solution 
was dried under vacuum and concentrated to a small volume before it was 
precipitated in methanol again. The precipitate was collected with 0.2 μm 
PTFE filter and was further dried under vacuum to get final product (164 mg, 
yield 89%). 
DPPT2-co-TT (2). 200 mg DPPT2 monomer and 92.1 mg TT monomer were 
used for both microwave and conventional polymerizations with same 
procedures. For microwave polymerization, Pd(PPh3)4 (3.3 mg, 2 mol%) was 
used as catalyst. Product yields were 168 mg (86%, microwave 
polymerization) and 178 mg (91%, conventional polymerization).
 1
H NMR 
(CDCl3, 300MHz) δ 9.0 (bm, 2H), 7.17 (bm, 4H), 4.55 (bm, 4H), 2.20-0.95  





4.3 Results and discussion 
4.3.1 Material synthesis 
Diketopyrrolopyrrole-bithiophene (DPPT2) monomer: The synthesis of 
DPPT2 monomer was first reported by Rochat
20
 in 1986. The mechanism is 
believed to be double amide formation between nitrile and ester group under 
strong basic conditions created by sodium and t-amyl alcohol, followed by 
ring closure between nitrile and the carboxylic group. The typical yield is 
about 70% and the generated red solid that is insoluble in common solvents. 
Because of its low solubility purification is not possible; this compound was 
directly used in next step without purification.  
Side chain was attached by N-alkylation with alkyl bromide, synthesized from 
corresponding alcohol with Br2/PPh3. Bromination of DPPT2 with bromine in 
chloroform gave 5,5‟-bromides as these positions are more susceptible 
towards electrophilic attacks, traced by 
1
H NMR changes. N-
Bromosuccinimide (NBS) bromination was also tested but gave lower yield, 
thus bromine was preferred. 
The side chain 2-hexyldodecyl (2-OD) was widely used as a compromise 
between polymer solubility in common organic solvents and effects on inter-
chain π-stacking. Variation of side chains can lead to significant change in 
polymer performance, for example the average hole mobility of a DPP-
copolymer was increased from 3.1 to 9.8 cm
2
/Vs by adjusting the branch 
position of the side chain form the 2
nd
 carbon to the 6
th





possibly by shorting the π-stacking distance. To maintain consistency with 
literature results for comparison purposes, the 2-OD side chain was used in 
this study as well. 
DPPT2 monomer was purified by repeated column chromatography using 
hexane:DCM mixture to remove excessive alkyl bromides and single-sided 
products until dark-red, dry solids were obtained. DPPT2 recrystallization 
with ethyl acetate resulted in purple solids, which 
1
H NMR peaks had shifted 
and therefore were deemed unusable. Subsequently DPPT2 monomers were 
purified by column chromatography only instead. 
Thieno[3,2-b]thiophene (TT) monomer: Commercially available TT monomer 
(typically 97%) occasionally contain impurities that were difficult to remove, 
characterized by grey rather than white color shown by the product, thus high 
quality TT monomer (>99% can be achieved) was synthesized instead. The 
synthetic protocol was developed by Gronowitz
22
. During the synthesis, the 
most significant yield loss occurred at decarboxylation stage, where the 
reaction time must be tightly controlled to prevent yield loss, which otherwise 
could be as high as 50%. For generation of bis-stannane monomers, direct 
conversion to stannanes or 2-step bromination/stannylation (via compound 12 
in Figure 4.3) were both possible, with similar yield after multiple 
recrystallization in methanol to obtain needle like off-white solid as pure 
product. The one-step conversion thus is preferred for shorter synthesis. 
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Thiophene (T) monomer: High purity 2,5-dibromothiophene is commercially 
available. Stannylation by BuLi/Me3SnCl route generated off-white solid as 
product, which was further recrystallized to afford needle-like white solids. 
DPPT2-T and DPPT2-TT polymers: The monomers were checked visually 
and measured by 
1
H NMR to make sure their purity was >99% prior to 
polymerization. The monomers would be recrystallized if they were stored for 
more than one month before use.  
Stille method was used because it was reported to give higher molecular 
weight compared to Suzuki method for similar DPP polymer as a result of 
higher reactivity of stannanes. For conventional polymerization, Pd(PPh3)2Cl2 
was most commonly used catalyst and was also used here. Two catalysts are 
commonly used in literature
18, 23
 for microwave-assisted polymerization, 
including Pd(PPh3)4 and Pd2dba3/P(otol)3. Together with Pd(PPh3)2Cl2, the 
three catalysts were tested on both DPPT2-co-T and DPPT2-co-TT, 
Pd2dba3/P(otol)3 was preferred for DPPT2-co-T and Pd(PPh3)4 for DPPT2-co-
TT to give highest molecular weight polymers among all three tested, and 
further syntheses were carried out using these catalysts to generate batches of 




Table 4.1. Molecular weights of DPP-based polymers synthesized measured 
by GPC. Batch 0 polymers were synthesized via conventional polymerization 




T0 and TT0 were synthesized by standard Stille polymerization using 
Pd(PPh3)2Cl2 as catalyst, and with 2-bromothiophene was used as end-capping 
agent. During reaction, dimethylformamide (DMF) was added into reaction 
mixture to minimize PDI. T1, T2, TT1, TT2 and TT3 were synthesized by 





Soxhlet THF/40°C TCB/160°C 
Mn(kDa) PDI Mn(kDa) PDI 
TT 0  Thiophene  Pd(PPh3)2
Cl2 
No  28  3.1  - - 
1 No Pd(PPh3)4 Yes 110 2.8 14 2.8 
2 Benzene Yes 78 3.8 12 3.8 
3 Benzene Yes 40 2.9 - - 
T 0  Thiophene  Pd(PPh3)2
Cl2 
No  25  2.8  - - 
1 Benzene Pd2dba3/ 
P(otol)3 
Yes 260 3.7 36 2.6 
2 Benzene Pd(PPh3)4 Yes 20 1.7 8 2.0 
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for and purified by Soxhlet extraction. TT1-3 were all synthesized using 
Pd(PPh3)4, different molecular weight polymers were obtained by controlling 
reaction temperature at 160°C (TT3) and 180°C (TT1, 2) respectively. In order 
to obtain polymers with different molecular weights, T1 was synthesized using 
Pd2dba3/P(otol)3 and T2 was done using Pd(PPh3)4, which gave significantly 
differences in molecular weights. 
The molecular weight of all the polymers was measured with standard low 
temperature (LT) gel permeation chromatography (GPC) with THF as solvent 
at 40°C initially. However, high temperature (HT) GPC with trichlorobenzene 
(TCB) at 160°C as solvent was measured for some polymers. The molecular 
weight produced by HT-GPC is nearly one order lower for tested polymers. It 
is likely due to the strong -stacking of donor-acceptor polymer chains at 
room temperature or temperature slightly above the room temperature that 
results in aggregates in the polymer solutions.  These aggregates in the 
solution result in an overestimate of the molecular weight when measured with 
the standard LT GPC.  While these aggregates disappear at high temperature, 
therefore HT-GPC gave the actual molecular weight of the material.  
4.3.2 Material characterization  
UV-Vis characterisation 
UV-visible spectra data are shown in Figure 4.7.  For solution UV-vis spectra, 
TT1 showed absorption maximum at 798 nm, slightly red-shifted in 
comparison with TT2 absorption maximum at 795 nm, correlating to its 
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slightly larger number of repeat units per chain. T1 showed two peaks at 750 
nm and 812 nm, the differences between DPPT2-co-T and DPPT2-co-TT 
polymers are in good agreement with literature
18
. 
In thin film UV-vis spectra, TT1 and TT2 showed nearly identical peaks at 
799 nm, with 884 nm shoulder peak now clearly observable. T1 showed two 
peaks at 758 and 832 nm respectively. Comparing with solution UV-vis 
spectra, red-shift of peak positions in thin film UV-vis spectra are observable 
but very small, in good agreement with conclusion from GPC measurements 
that strong aggregations in polymers exist at room temperatures. 
 
Figure 4.6: UV-vis spectra for T1, TT1, and TT2 polymers in solution (left) 
and 30 nm thick thin films (right). 
 
FET characterization  
For bottom-gate top-contact (BGTC) device, p−doped silicon with 200 nm 
thermal oxide gate dielectric layer was used as substrate. The substrates were 











































soaked in Standard Cleaning 1 (SC−1) solution (NH4OH: H2O2: H2O = 5: 20: 
100, 55 − 77°C) for 30 minutes to remove particles. Subsequently an 
octadecyltrichloro-silane (OTS) self-assembled monolayer (SAM) was grown 
on the SiO2 surface to make it hydrophobic, during which the substrate was 
immersed in 0.1 mM OTS solution in high-performance liquid 
chromatography (HPLC) grade toluene in N2-purged glove-bag at room 
temperature for 2 hours. The OTS-treated substrate was further subjected to 10 
minutes hexamethyldisiloxane (HMDS) vapor treatment at 120ºC to passivate 
any residual uncovered oxide surface. The substrates were then transferred to 
N2 glovebox for subsequent processing. The semiconductor layer was spin-
coated from 10 mg/ml DPP-copolymer in chlorobenzene solutions at 3000 
rpm to give ~ 40 nm-thick film; the solution was sat for 3 minutes after 
deposition and prior to spin-coating due to highly hydrophobic SiO2 surface; 
the films were annealed at 150ºC for 10 minutes to remove residual solvent 
and optimize polymer packing structure. Then 100 nm gold source and drain 
electrodes were evaporated on top of the semiconductor film under high 
vacuum (~ 10
−6 
mbar) through shadow mask to finish device fabrication. The 
channel length (L) and channel width (W) are 100 μm and 6 mm respectively.  
For top-gate bottom-contact (TGBC) device, borosilicate glass was used as 
substrate. It was first spray washed with acetone and isopropanol, then soaked 
in SC−1 solution (NH4OH: H2O2: H2O = 5: 20: 100, 55 − 77°C) for 30 
minutes to remove particles. High quality source and drain electrodes (7 nm 
chromium/ 30 nm gold) were patterned on it by image reverse 
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photolithography (IRL).  The channel lengths (L) are 10, 20, 50 and 100 μm; 
the channel width (W) is 5 mm. The patterned substrates were washed with 
acetone and isopropanol, then treated with UV-Ozone for 5 minutes prior to 
semiconductor layer deposition. The substrates were then transferred to N2 
glovebox for subsequent processing. The semiconductor layer was spin-coated 
from 10 mg/ml DPP-copolymer in chlorobenzene solutions at 3000 rpm to 
give ~ 40 nm-thick film; the films were annealed at 150ºC for 10 minutes to 
remove residual solvent and optimize polymer packing structure. Then the 
gate dielectric layer was spin-coated on top from CYTOP−S solution (4:3 
diluted) at 1500 rpm to give ~ 420 nm thickness; the CYTOP films were 
annealed at 90ºC for 30 minutes to remove residual solvent. Finally, the gate 
electrode layer (7 nm Cr/ 30 nm Ag) were evaporated on top of the dielectric 
film under high vacuum (~ 10
−6 
mbar) through shadow mask to finish device 
fabrication.  
The FETs were characterized with Keithley 4200 also in the glove box. The 
mobility results were summarized in Table 4.2 for comparison within all 
synthesized DPP-copolymers. Overall, the highest achieved linear field-effect 
mobility (μlin) values are comparable to literature reported results of DPPT2-
co-T and DPPT2-co-TT materials. The mobility values were extracted reliably 
and consistently from high quality device I−V transfer plots with low gate 
threshold voltage (Vth), low gate leakage current and minimal hysteresis. The 
I−V output plots shown in Figure 4.6 further suggest that good 




Table 4.2 Linear field-effect mobility of DPP-copolymers in both top-gate 
bottom-contact (TGBC, CYTOP dielectric, L = 20 μm) and bottom-gate top-
contact (BGTC, octadecyltrichlorosilane (OTS)-treated SiO2 dielectric, L = 
100 μm) configurations.    
 






TT 0  0.054 0.059 
1 0.36 0.31 
2 0.34 0.21 
3 0.38 0.27 
T 0  0.086 0.067 
1 - 0.51 
2 0.51 - 
 
Soxhlet purification The Soxhlet extraction is a critical purification step during 
synthesis. It removes the un-reacted monomers and residual catalyst from 
desired polymers, which would otherwise act as charge carrier traps and lead 
to abnormal device behaviors such as low field-effect mobility, large 
hysteresis, large Vth and contact resistance (Rc) problem. As would expected, 





/Vs) than similar polymers (~0.4-0.5 cm
2
/Vs) that went 
through Soxhlet purification, regardless of co-polymerization unit, molecular 
weight, end-capping. Besides, both T0 and TT0 devices showed large Vth, 
large hysteresis and Rc problem especially for T0 polymer evidenced form the 
obvious „S‟ shape at low Vd region of the output curves (see appendix Figure 
7).                  
Molecular weight effect We did not observe strong correlation between 
molecular weight effects on field-effect mobility of the two type of DPP 
copolymers studied.  Although there is one work  by Li et al
11
  which reports 
strong field-effect mobility dependence on molecular weight, DPPT2-TT with 
Mn 29K and Mn 110K give field-effect mobility of 1 cm
2




For our DPPT2-co-TT polymers, the synthesized polymers only have small 
difference in the degree of polymerization Mn, obtained from HT-GPC.  TT1 
and TT2 have Mn of ~14 and ~12 respectively and their field-effect mobility 
are 0.2-0.3 cm
2
/Vs and 0.3-0.4 cm
2
/Vs for BGTC and TGBC structures 
respectively. The mobility of TGBC device seems slightly higher than that of 
BGTC device for same polymer. We thus attributed to slight better packing 
structure at the top of the semiconductor film. For DPPT2-co-T polymers, 
direct comparison is not possible as it was found to be difficult to spin T2 film 
on hydrophobic OTS-treated SiO2 surface due to low molecular weight of T2, 
BGTC was not fabricated.  We further were unable to deposit uniform 
CTYOP gate dielectric polymer on T1 film.  This is likely also due to the high 
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surface energy of low molecular weight T1 film. Nevertheless, since TT 
polymers showed comparable mobility values between BGTC and TGBC 
devices, for T polymers the case should be the same. Hence, differences in Mn 
between ~36 (T1) to ~12 (T2) do not result in significant differences in 
mobility, both at 0.5 cm
2
/Vs. Based on above, we suggest that for these two 
polymers studied, DPPT2-co-T and TT, their field-effect mobility is relatively 
insensitive towards changes in molecular weights of polymers for the small 
range of DDP copolymer Mn studied here.  
End-capping effect  TT1 and TT2 give similar field-effect mobility of 0.36 
cm
2
/Vs and 0.34 cm
2
/Vs for TGBC devices and 0.31 cm
2
/Vs and 0.21 cm
2
/Vs 
for BGTC devices although TT1 polymer chain end is not end-capped with 
benzene groups.  This suggests that end-capping with benzene groups at 
polymer chain ends do not affect the charge transport properties of DPPT2-co-
TT polymer films, meaning the polymer packing structure is not affected by 
the benzene attachment. However, polymer with no end-capping is still likely 
to may be more susceptible to charge trapping and leads to device stability 
issues under harsh condition. 
T/TT effect DPPT2-TT and DPPT2-T polymers can both give high 
performance but DPPT2-T seems to give slightly higher field-effect 
mobilities. For example T1 (~Mn 36) and TT1 (~Mn 14 kDa) give similar 
TGBC field-effect mobility of 0.51 cm
2
/Vs and 0.36 cm
2
/Vs respectively and 
further T2 (~Mn 8) gives BGTC also 0.5 cm
2
/Vs.  This suggests that it is 
likely that DPPT2-T structural properties favors better charge transport at least 
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in the field-effect device configuration since the devices were processed under 




4.3.3 Film stability study (FET and FTIR)  
4.3.3.1 FET study 
Based on those characterization data, we chose TT1, TT2 and T1 for further 
stability test to study the effect of end-capping (TT1 vs TT2) and co-
polymerization group (TT2 vs T1). BGTC device structure was used because 
in this configuration the semiconductor film was directly exposed to air. The 
effect of oxygen and water were studied under dark and subsequently under 
sunlight (AM 1.5G, 100 mW/cm
2
). The exposure conditions and durations 
were: i) air, dark, 10 minutes for short time test; ii) air, dark, 10 hours; iii) air, 
sunlight, 10 minutes; iv) air, sunlight, 1 hour; v) air, sunlight, 11 hours; vi) air, 
sunlight, 35 hours. The duration was accumulated for dark and sunlight 
conditions separately. During all exposure steps, the devices were heated at 
100°C to accelerate the DPP film degradation process. The device degradation 
was monitored by I−V transfer characteristics measured at the end of each step 
except for step (vi) as device performance had shown pronounced degradation 
at step (v).    




Figure 4.7 Output curves of DPP-copolymer BGTC devices at selected 
exposure steps. Gate voltage was step-scanned from 0 to −60 V, step size −10 
V. The device structure is shown in inset of top left figure with 
octadecyltrichlorosilane-treated SiO2 dielectric and channel length (L) and 
































































































































































































Figure 4.8 Transfer curves (Vd=−10 V) of BGTC devices after successive 
exposure to air in dark and under sunlight for different durations, in both linear 
scale (a)-(c) and log scale (d)-(f). The devices are heated at 100⁰C at all steps. 
L = 100 μm and W = 6 mm. 
 
Figure 4.8 shows the output curves of all three devices at representative 
exposure steps. The devices were well behaved throughout the test indicated 
by the negligible hysteresis, low Rc, clear current saturation at large Vd. Under 
dark condition, all three devices are considerably stable to air exposure, which 
just induces certain level of ON current increase and |Vth| decrease for all the 
devices; also suppresses the n-type transport in DPPT2-co-T device. Under 
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decreasing ON current and increasing |Vth|. Figure 4.9 shows the linear transfer 
curves (Vd =−10 V) of the three devices at all exposure steps, the currents are 
in linear scale (a)-(c) and log scale (d)-(f) respectively. Same trends were 
observed here for ON current and |Vth| in linear plots; besides the onset voltage 
(|Von|, absolute value) had similar trend with |Vth| in dark but remained at 
relatively similar level even after long time sunlight exposure as compared to 
|Vth|.               
 
Figure 4.9 Change of linear mobility (μlin), threshold voltage (Vth), onset 
voltage (Von) after each exposure step shown in (a), (b) and (c) respectively. 









































































Figure 4.10 shows the extracted linear field-effect mobility (μlin), Vth and Von 
for all three devices at all steps. The general trend of Vth and Von along with 
exposure steps were similar as described above; Vth and Von changed within 
minutes upon air exposure since oxygen and water could readily through the 
entire polymer film within that time. The μlin was relatively stable until the 
devices were subjected to long time exposure under sunshine (11 h data), 
where it dropped by half to one order.  
The co-polymerization unit does not lead to difference in stability of the 
DPPT2-copolymer devices. The device behaviors were similar for both TT2 
and T1 for all device parameters i.e. μlin, Vth and Von. However, T1 polymer 
device did show slightly higher μlin and lower Vth compared to TT2 device. 
Although we are expecting to see poorer performance for TT1 with no end-
capping after subsequent exposure steps, but apparently its device 
performance is tracking TT2 with end-capping relatively well. Perhaps the 
more susceptible degradation effect required longer time or bias-stress to have 
observable effect.  
Lastly, the results suggest that air induced doping in DPPT2-copolymer films 
without light and the doping level saturated within short time and were stable 
for long time exposure; the film degradation was mainly due to light assisted 
chemical reaction with oxygen and water in air; the halftime of film 
degradation in estimated to be around hundreds of hours in sunlight and air at 
room temperature and probably one order higher under much reduced incident 
photon flux in normal conditions.  
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4.3.3.2 Fourier-transform infrared (FTIR) study 
Together with the FET devices, another set of DPPT2 copolymer films (TT1, 
TT2 and T1) went through the same exposure steps in parallel and were 
measured with Fourier-transform infrared spectroscopy (FTIR) to study the 
degradation mechanism of the polymer films.     
Intrinsic silicon was used as substrate. The substrates were first spray washed 
with acetone and isopropanol and blown dry with N2, then soaked in SC−1 
solution (NH4OH: H2O2: H2O = 5: 20: 100, 55 − 77°C) for 30 minutes to 
remove particles. The semiconductor film was spin-coated from 40 mg/ml 
DPP-co-polymer in chlorobenzene solutions at 1300−6000 rpm to give ~ 300 
nm thickness; the films were annealed at 150ºC for 10 minutes same as FET 
devices to remove residual solvent and optimize polymer packing structure. 
The large variation in spin-coating speed was a result of the molecular weight 
spread. The semiconductor layer was spin-coated instead of drop-casted to 
give a uniform film for easier operation. The film thickness was targeted to be 
similar and as large as possible for easy comparison between polymers and to 
maximize the IR signal.  
Pristine DPP films The IR spectra was collected with Nicolet 8700 FTIR 
machine from 0−4000 cm−1 at resolution of 4 cm-1. Figure 4.10 shows the IR 
spectra from 600−4000 cm−1 after H2O, CO2 and background correction. The 
peak assignments were given in Table 4.3 for reference.   
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With reference to literature values, these peaks are assigned as follows: 3075 
and 3061 cm
-1
 peaks are assigned as aromatic C-H stretching (ν). Peaks at 
2800-3000 cm
-1
 are assigned as alkyl CH2 symmetric (νs) and asymmetric (νa) 
stretching. 1666 cm
-1
 peak is assigned C=O asymmetric stretching (νa) and 
1548/1552 cm
-1
 peak is assigned C=C asymmetric stretching (νa), both of DPP 
core. Peak groups at 1527/1466 cm
-1
 and 1539/1485 cm-1 are assigned as C=C 
asymmetric stretching(νa) from TT and T respectively. 1431cm
-1
 peak is 
assigned as alkyl CH2 bending (δ). Peaks from 1300-1000 cm
-1
 are attributed 
to various T or TT vibrational modes. Lastly, peaks at 800-700cm
-1
 are 
assigned to alkyl CH2 out-of-plane bending (δoop).                                  
 
Figure 4.10 Infrared absorption spectrums of pristine DPPT2-copolymer films 




















































































Table 4.3  Assignments of main IR peaks for both pristine DPPT2-co-T and 
DPPT2-co-TT polymer films (GB). Symbols: ν = stretching; δ = bending; 









Aromatic C−H ν 3075 3061 
Alkyl CH2 ν a and  ν s 2925, 2854, 2925, 2854, 
Alky CH3 ν a and  ν s 2955,2870 2955,2870 
C=O (DPP) ν a  1666 1666 
C=C (DPP) ν a  1548  1552  
C=C (TT or T) ν a 1527 1539 
C=C (T or TT) ν a  1466 1485 
Alkyl CH2 δ  1431 1432 
T/TT related   − 1311-1027 1329-1021 
Alkyl CH2 δ oop   801, 732 




As expected, the pristine spectra of TT1 and TT2 have nearly identical 
vibration peaks. Between TT1 and T1 polymers, the main features were 
similar in the alkyl-chain absorption regions (~ 2800−3200 cm−1) but were 
very different in the backbone absorption regions (~1400−1700 cm−1). The 
asymmetric stretching (νa) frequency of side-chain CH2 groups around 
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2923−2925 cm−1 indicated significant side chain disorder in both DPPT2-co-T 
and DPPT2-co-TT films even after thermal annealing treatment. The 






 (T) were due to 
asymmetric stretching (νa) of the C=O and C=C bonds of the DPP core 
respectively. The difference in ratio of C=O νa and C=C νa absorption peak 
intensities in T and TT polymers is likely to be due to different polymer 
backbone orientations. McCulloch et al.
18
 suggests that the DPPT2-co-T 
polymer backbones tended to have a face-on orientation while DPPT2-co-TT 
polymer backbones tended were more towards edge-on using polarized FTIR. 
Other major differences were the peak positions of C=C νa absorption from 
thiophene and thiophene conjugation units. With all these features, we could 
clearly distinguish the DPPT2-co-T and DPPT2-co-TT polymers from IR 
spectrum and the origins of specific peaks that provided the basis for the 
stability study at next step.     
The FTIR spectrum of exposed sample was collected under same conditions as 
pristine sample. Figure 4.11 shows the IR absorption spectra after H2O, CO2 
and background correction in polymer backbone region (1400−1700 cm−1) and 
alkyl-chain region (2800−3200 cm−1) respectively. The peak positions were 
unchanged along the exposure steps in both regions. The peak intensity 
reduction at each step with respect to pristine films was plotted in the 
difference spectrum in Figure 4.12 and 4.13, to monitor the exposure induced 
polymer structure change and match with FET results for degradation 




Figure 4.11 The Infrared absorption spectrum of DPPT2-copolymer films after 
each exposure step, shown for both backbones (a) – (c) and alkyl chains (d) – 


















































Figure 4.12 Difference between the Infrared absorption spectra of DPP-
copolymer films after each exposure step to pristine  spectrum, shown for 
backbone region. All spectra are shifted vertically for clearance.   
 
Figure 4.12 showed the backbone degradation along exposure steps. For all 
three polymers, their backbones remained stable when exposed in dark for 
long hours and further under sunlight for short time. However, severe loss of 
backbone absorption appeared after long time sunlight exposure (sun, 11h 










































































data), which correlated very well with the significant performance drop of 
FET devices at the same step. The degradation occurred to both DPP cores and 
thiophene/thienophene conjugation units with similar level of relative intensity 
reduction. Along with the reduction of the C=C and C=O νa peaks, a broad 
peak appeared in the spectrum at high wavenumber side, which centered at 
1718−1720 cm−1 for all three polymers and its intensity was proportional to 
C=O νa intensity reduction. Therefore, the most likely mechanism of DPP core 
degradation is breaking of amide bond, which leads to the formation of 
carbonyl functional groups while the N− end may join with any possible 
electrophiles nearby, such as H
+
.  Data from the final exposure step (sun, 35 
hours) showed that TT1 film was more damaged than TT2, indicating the 
importance of end-capping to minimize active functional groups that were 
capable of triggering degradation reactions on nearby units for superior 
material stability; T1 film was damaged the most among all films, suggesting 






Figure 4.13: Difference between IR spectra of polymers TT2, TT1 and T1 
after treatment steps and pristine films. Shown here is the alkyl chain region. 
All spectra are shifted for convenience. 
 
Figure 4.13 showed the alkyl-chain degradation along exposure steps. For all 
three polymers, their alkyl-chains remained stable when exposed in dark for 
short time. Surprisingly, the intensity loss was observed after long time 
































exposure in dark, at a much earlier stage than the backbones. This loss did not 
cause change to FET device performance probably because the loss came from 
molecules at the top surface of the film while the change transport along and 
across the polymer backbones at the bottom surface of the film was not 
affected. The loss was stable in following exposure steps even under long time 
sunlight exposure (sun, 11 hours), except for the final step (sun, 35 hours) 
where the loss increased along with backbone degradation. The degree of first 
intensity loss was similar for all three polymers while T1 polymer showed 
bigger loss at the final step compared to TT1 and TT2 same as the situation for 
backbone.     
4.3.3.3 Proposed degradation mechanism  
 
Figure 4.14. Proposed degradation mechanism for alkyl-chain on DPP core (a) 
and DPP core itself (b).  
 
The FTIR data suggested the following degradation process for DPPT2-co-











































top surface after long-hour exposure under dark; followed with degradation of 
polymer backbones after long-hour exposure under sunlight; at last 
simultaneous loss of the alkyl-chains and backbone with prolonged exposure. 
The slightly better stability of DPPT2-co-TT polymer over DPPT2-co-T was 
possibly related to the different polymer packing structure, the face-on 
polymer backbones in DPPT2-co-T film were more exposed and prone to 
attacks by O2, H2O etc while the edge-on polymer back bones were more 
protected by densely packed alkyl-chains, regardless of similar π-stacking 
distance for the two polymers.        
Figure 4.14(a) showed the mechanism for alkyl-chain cleavage from DPP 
core, which was caused by breaking the C-N bond between DPP core and the 
alkyl-chain by oxygen and water at high temperature, which could be 
facilitated by the low C-N bond energy. Figure 4.14 (b) showed photon-
assisted amide bond cleavage of the DPP core. The C-N bond was broken 
under photon excitation, leading to two radical species which were 
subsequently quenched by alkyl chain loss and nearby species, such as oxygen 
and water (X in the final outcome); further reactions and rearrangements may 
take place to account for IR intensity loss of C=C νa absorption. The exact 
nature of the final product could not be established solely by IR spectroscopy. 
Overall, we attribute the excellent stability of DPPT2-copolymers to the good 
ambient and photo-stability of DPP molecules
24
. Further, the hybridization 
between donor and acceptor moieties of the polymer chain “protected” the 
otherwise fragile thiophene units from degradation. In this light, we suggest 
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that development of high-performance polymers based on stable, conjugated 
chromophore molecules will potentially display good overall stability as well. 
4.4 Conclusion  
In conclusion, DPPT2-co-TT and DPPT2-co-T polymers were synthesized 
successfully and shown to good field-effect mobility.  Overall, these two 
DPPT2-co-polymers were shown to be very stable and we attribute the 
stability to the excellent chemical stability of the DPP core. The degradation 
eventually was pinpointed by IR spectroscopy studies to be rupture of the DPP 
core under accelerated environment condition that is at 100°C in ambient air 
under sunlight. 
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Appendices for Chapter 2 
Polymerization details 
Standard procedure by CDT: 
0.5mol% Pd2(dba)3 as catalyst, 3mol% P(o-tol)3 as ligand, Et4NOH, 20% 
aqueous solution as base (5 eq.), and reflux in toluene at 115°C. Typical scale 
of reaction is 200 mg F8 with 100 mg BT monomers; the scale of reaction will 
be made referring to F8 monomer only and the other co-monomer was scaled 
accordingly. 
Procedure from Dows Company: 
For F8-BT system, 1mol% catalyst of Pd2(dba)3 with 6 times of P(otol)3, 5 
equivalent of base as Na2CO3 2M aqueous solution. Aliquat®336 was used 
with the ratio of 1 drop (from dropper) to 10ml toluene. Reaction temperature 
is kept at toluene reflux point, and reaction time is 24 hours. No additional 







 Figure 1: GPC curves of F8-BT (experiment 9c, in text). 
 
F8 polymer NMR 














































































































































*** Acquisit ion  Parameters ***
NS :              8
O1 :       1853.43 Hz
PULPROG: zg30
SFO1 :   300.1318534 MHz
SOLVENT : CDCl3
SW :       17.9519 ppm
*** Processing Parameters ***
LB :          0.30 Hz
SF :   300.1300123 MHz
SW_p :  5387.9310345










































































































NMR of various monomers 
 






































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :             20
NUCLEUS : off
O1 :        1853.43 Hz
PULPROG : zg30
SFO1 :   300.1318534 MHz
SOLVENT : CDCl3
SW :        17.9519 ppm
TD :          32768
TE :          296.4 K
*** Processing Parameters ***
LB :           0.30 Hz
*** 1D NMR Plot Parameters ***
NUCLEUS : off





Figure 4: EDOBX-diBr 
 























































































*** Acquisition  Parameters ***
INSTRUM : av500
LOCNUC : 2H
NS :             70
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :   500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          300.0 K
*** Processing Parameters ***
LB :           0.30 Hz








































































































































































































































































































































































































































*** Acquisition  Parameters ***
INSTRUM : av500
LOCNUC : 2H
NS :             70
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :   500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          300.0 K
*** Processing Parameters ***
LB :           0.30 Hz


























































































































































































































































































Appendices for chapter 3 
NMR spectra 
 





















































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :              1
NUCLEUS : off
O1 :        1853.43Hz
PULPROG : zg30
SFO1 :    300.1318534MHz
SOLVENT : CDCl3
SW :        17.9519ppm
SW_h :       5387.931Hz
TD :          32768
TE :          298.5K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30Hz
SF :    300.1300131MHz
SW_p :   5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off





Figure 2: NMR spectra of T2 monomer 
 









































































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :             20
NUCLEUS : off
O1 :        1853.43Hz
PULPROG : zg30
SFO1 :    300.1318534MHz
SOLVENT : CDCl3
SW :        17.9519ppm
SW_h :       5387.931Hz
TD :          32768
TE :          298.2K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30Hz
SF :    300.1300132MHz
SW_p :   5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off












































































































































































































































































































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :             70
NUCLEUS : off
O1 :        1853.43 Hz
PULPROG : zg30
SFO1 :   300.1318534 MHz
SOLVENT : CDCl3
SW :        17.9519 ppm
SW_h :       5387.931 Hz
TD :          32768
TE :          297.7 K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30 Hz
SF :   300.1300130 MHz
SW_p :  5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off


































































































































































































Figure 4: NMR spectra of P3HT. 
 





























































































*** Acquisition  Parameters ***
LOCNUC : 2H
NS :             50
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          296.9 K
*** Processing Parameters ***
LB :           0.30 Hz
SF :    500.1300140 MHz


















































Figure 8: P3HT, batch 2 
 




Figure 10: GPC for P3HT-b-PNDIT2, batch #2 
 













Figure 14: XPS data for 5% ternary blend films (top) and binary blend films (bottom). 
 
Figure 15: PL measurements for P3HT, PNDIT2, binary and ternary (5%) blends. 




Figure 16: J-V curves for ternary (50% - 5%) and binary blend devices.  
 
Table 1: OPV device characteristics for ternary and binary (reference) mixtures, 





 FF PCE/% 
Ref_150°C 0.51 0.91 0.52 0.25 
5%_150°C 0.51 0.38 0.25 0.05 
5%_175°C 0.50 0.60 0.37 0.11 
50%_150°C 0.65 0.17 0.11 0.012 





Appendices for chapter 4 
NMR spectra of monomers and polymers 
 
Figure 1: TT monomer 
 















































































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        1853.43Hz
PULPROG : zg30
SFO1 :    300.1318534MHz
SOLVENT : CDCl3
SW :        17.9519ppm
SW_h :       5387.931Hz
TD :          32768
TE :          297.8K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30Hz
SF :    300.1300129MHz
SW_p :   5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off



























































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        1853.43Hz
PULPROG : zg30
SFO1 :    300.1318534MHz
SOLVENT : CDCl3
SW :        17.9519ppm
SW_h :       5387.931Hz
TD :          32768
TE :          297.8K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30Hz
SF :    300.1300130MHz
SW_p :   5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off




























Figure 3: DPP monomer 
 






































































*** Acquisition  Parameters ***
INSTRUM : spect
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        1853.43Hz
PULPROG : zg30
SFO1 :    300.1318534MHz
SOLVENT : CDCl3
SW :        17.9519ppm
SW_h :       5387.931Hz
TD :          32768
TE :          297.8K
*** Processing Parameters ***
BCFW :      0.0000000
LB :           0.30Hz
SF :    300.1300000MHz
SW_p :   5387.9310345
*** 1D NMR Plot Parameters ***
DecoFct :          10000
MPSF :      1.0000000
NUCLEUS : off





Figure 5 DPP-co-TT polymer. 
 
Device data for T0 and TT0 polymers 
 
Figure 6: summarized output curves for T1 (a) and T2 (b) FET devices. Vg=-











































Figure 7: transfer curves for (a) T1, dark, (b) T1 light, (c) T2, dark and (d) T2, light 
under different temperature and time durations. Vd= −40 V. Last treatment (solid pink 
line: sunlight, 35 hours, and 100°C) was not included for T1 as the current is too low, 





Low-temperture GPC (with THF) 
 
Figure 8: LT-GPC curve for TT-1 
 
Figure  9: LT-GPC curve for TT-2 
 





Figure  11: LT-GPC curve for T1. 
 
 






High-temperature GPC (using trichlorobenzene) 
 
Figure  13: HT-GPC for TT1 
 




Figure  15: HT-GPC for T1 
 
Figure  16: HT-GPC for T2 
 
 
 
